NOTICE 


THIS DOCUMENT HAS BEEN REPRODUCED FROM 
MICROFICHE. ALTHOUGH IT IS RECOGNIZED THAT 
CERTAIN PORTIONS ARE ILLEGIBLE, IT IS BEING RELEASED 
IN THE INTEREST OF MAKING AVAILABLE AS MUCH 
INFORMATION AS POSSIBLE 



I 


(NASA-CR-1O5011) DEV ELCFMENI AND TESTING JF 
DBY CI’EMICALS IN ADVANCED EXTINGUISHING 
SYSTEMS FOR JET ENGINE NACELLE FIRES Final 
Report (San Jose State Unrv., Calif.) 314 p 
HC A14/MF A0 1 CSCL 213 G3/25 


N32“ 1 3 1 30 


Unci as 
0J!iyj 


l\IASA 

National Aeronautics and 
Space Administration 


Ames Research Center I 

Moffett Field, California 94( 

ARC 27 So (Fob 811 


Q N ‘C* 


RECEIVED 
NASA STl FACILITY. 

ACCESS DEPT. 


OKI* 1 \ 

— L.; 




a 


Version VII 


DEVELOP M ENT AN D TESTING OF PRY CHEMICALS IN ADVANCED 
EXT INGU 1 SH I MG SYS TEMS FOR JETT ENGINE N ACELLE FIRES 


ty 

Robert L. Altman, 
A. Campbell Ling, 
Ludwig A. Mayer, 
Donald J. Myronuk 



September 1979 





: -i- 


FOREWORD 


This report covers work for the period 1975-1979, on chemical research and 
development in formulating and testing fire suppression materials suitable for 
the extinguishing of jet engine nacelle fires. This program was undertaken 
initially in 1975 with the support of Military Inter Agency Purchase Request FY 
1455700511, and was continued in 1976, 1977, and 1978, with support from MIPR FY 
14557600617. 

/ 

Section I, Introduction to this Report, was authored by Dr. R. L. Altman, 
the Sections II, III, and VI were authored by Professor A. Canpbell Ling, Sec- 
tion IV detailing the Preparation and Characterization of new synthetic systems 
was authored by Professor Ludwig A. Mayer, Section V on Dynamic Testing was 
authored by D. J. Myronuk. The Report closes with Section VII "Recommendations 
for Future Work" by Dr. R. L. Altman. The overall Report was edited and com- 
piled by Professor A. C. Ling. 
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ABSTRACT 


This document reports an experimental study of the effectiveness of dry 
chemicals in extinguishing and delaying re- ignition of fires resulting from 
hydrocarbon fuel leaking onto heated surfaces such as can occur in jet en- 
gine nacelles. 

The commercial fire extinguishant dry chemicals tried were, for example, 
sodium and potassium bicarbonate, carbonate, chloride, and carbamate (Mon- 
nex) but we have also tested other metal-halogen and m^tal-- hydroxy carbonate 
compounds prepared in our own laboratories. 

Given in this Report are: synthetic and preparative procedures for new 

materials developed; a new concept of fire-control by dry chemical agents; 
descriptions of experimental assemblages to test dry chemical fire ex- 
tinguishant efficiencies in controlling fuel fires initiated by hot sur- 
faces; comparative testing data for more than 25 chemical systems in a "static" 
assemblage with no air flow across the heated surface, and similar comparative 
data for irore than 10 compounds in a dynamic system with air flows up to 350 
ft/sec.; and recommendations for future work with one system that fulfills all 
requirements delineated by the sponsoring agency, and which has been tested in 
both the Static and Dynamic assemblages with both methodologies confirming it as 
the most effective system by comparison with the other materials tested. 
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I . I^HODUCTION 

When aircraft environmental and operational tenperatures increase, as 
shown in Table 1, the fire hazard from the accidental release of combustible 
fluids into engine nacelle* conpartments following component failure is 
greatly aggravated. In commercial aircraft with turbine propulsion, 57 such 
fires occurred in the eighteen year period from 1956 to 1974 (Reference 1); 
hcvever, for military aircraft about 80 to 90 such non-combat fires occurred 
annually in the USAF from 1965 to 1974 (References 2 and 3), of which about 
half were identified as engine case bur n- through s. To reduce the damage to 
aircraft due to fire, we have undertaken a program to increase the capabil- 
ity for file suppression and control of those fires that cane about from com- 
bustible fluids leaking onto heated surfaces. 

The current technique for extinguishing such fires began with the injec- 
tion of gas or liquid systems such as carbon dioxide, carbon tetrachloride, 
methylene chloride and methyl bromide (References 4-6); later invest- 
igations used branochlorome thane, ch.loro £ luorome thane , dibromodifluoro- 
methane, d i b romo tetrafluo roe th ane , and brcmotrif luorome thane (References 
7-9). The CAA then initiated an investigation of airflow effects, extin- 
guishant discharge rate and nacelle surface roughness upon successful 
extinguishment (References 10-14), and development of the Statham analyzer 
to determine the actual concentration of gaseous extinguishant in the 


* A nacelle consists of a pod which encloses the engine, and a pylon 
which supports the pod if the nacelle assembly is underslung from 
the lower surface of the wing. 
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TABLE 1 ENVIRONMENTAL AND OPERATIONAL PARAMETERS FOR AIRCRAFT 

FIRE SUPPRESSION AND CONTROL 



SURFACE 

TEMP 

BLEED AIR 
TEMP 

AMBIENT AIR 
TEMP 

AIR FLOW 
VELOCITY 


STORAGE 

TEMP 


ENG 

I N E N 

A C E L L E 

ENVIRON 

M 

ENT 

ADVANCED 

815°C 

1S00°F 

705 °C 
1300°F 

-55°to 345°C 
-65°to 650°F 

105 ny'sec 
350 ft/sec 


-55° to 260 °C 
-65°to 500 # F 

CURRENT 

650 °C 
1200°F 

595°C 

1100°F 

-55°to 205°C 
-65°to 400°F 

75 ny'sec 
250 ft/sec 


-55 0 to 120°C 
-65°tO 250°F 


DRY BAY 

AREA E 

N V I R O N M 

E 

N T 

ADVANCED 

290 °C 
550°F 

650°C 

1200°F 

-55°to 260°C 
-65°to 500°F 

45 m/sec 
150 ft/sec 


-55°to 260 °C 
-C5°to 500°F 





(COMBAT DAMAGE) 


CURRENT 

120°C 

250°F 

540 °C 
1000°F 

-55°to 120 °C 
-65°to 250°F 

45 ny'sec 
150 ft/sec 


-55®to 120°C 
-65°to 250°F 





(COMBAT DAMAGE) 



SURFACE TEMPERATURE - MAXIMUM TURBINE ENGINE CASING TEMPERATURE OR SKIN 
TEMPERATURE ANTICIPATED IN THE DRY BAY REGION OF ENGINE NACELLE. 


BLEED AIR TEMPERATURE - MAXIMUM BLEED AIR TEMPERATURE IN THE ENGINE 
COMPARTMENT OR STRUCTURAL TEMPERATURE IN THE DRY BAY REGION RESULTING FROM 
COMBAT DAMAGE. 

AMBIENT AIR TEMPERATURE - MAXIMUM AIR TEMPERATURE IN THE ENGINE NACELLE OR 
COMPARTMENT TEMPERATURE IN DRY BAY AS PER ORIGINAL DESIGN. 

AIR FLOW VELOCITY - MAXIMUM AIR VELOCITY WITHIN ENGINE NACELLE OR IN DRY BAY 
REGION RESULTING FROM COMBAT DAMAGE AS PER ORIGINAL DESIGN. 

STORAGE TEMPERATURE - TEMPERATURE RANGE FOR STORAGE OF SUPPRESSANT MATERIALS 
OUTSIDE THE ENGINE NACELLE REGION. 

N.B. QUINE FAILURE, OR COMBAT DAMAGE, MAY LEAD TO STILL HIGHER TEMPER- 
ATURES IN LOCALIZED REGIONS THAN THOSE QUOTED ABOVE. 
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nacelle void space (References 15 and 16). More recent experimental work 
on fires in engine nacelles, wing fuel tanks, and oil sunps is reported in 
References 17-21, and a general discussion of the problems of designing 
gaseous fire extinguishant systems to meet the requirements delineated in 
Table 1 is given in Reference 22. 

The maximum surface temperature and/or bleed air temperature listed in 
Table 1 is great enough to induce hot surface ignition of fuel. Klueg and 
Demaree (Reference 23) shewed that such ignition can occur when either Jet A 
(JP-8) or Jet B (JP-4) fuel leaks onto a JT3D-1 turbofan engine case at a 
0.3 gpm flew rate with an exhaust gas tenperature exceeding 850 °F, provided 
that the secondary airflow was not greater than 0.2 lb/sec for Jet A fuel 
and not greater than 0.1 lb/sec i!or Jet B fuel. These flew rates ap- 
proximate an overall air/fuel (A/F) ratio of six or less. Sommers (Ref- 
erence 24) also demonstrated that hot surface ignition occurred when Jet A-l 
leaked onto a JT-12A-6 turbojet engine whose case tenperature was ca. 
1150°F. In this instance, the fuel flow rate was about 0.4 gpm and the air- 
flow rate did not exceed 0.15 lb/sec, corresponding to an overall A/F (w/w) 
ratio of about four. These large scale data support the laboratory scale 
findings of Strasser et al. (Reference 25), who report that both JP-4 and 
JP-8 will ignite on surfaces heated to 1050 °F with a fuel flow rate of 0.1 
gpm and an airflow rate that produces an A/F (w/w) ratio of 1.3. It should 
be noted that the minimum ignition tenperature increases somewhat with 
increased air velocity but decreases significantly when the heated surface 
is increased in area, and is only slightly reduced by preheating the air. 
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Figure 1 was redrawn from the data of Reference 23, and substantiated by 
similar data from References 10, 13, and 26, indicates that the amount of 
gaseous fire extinguishant, say CF^Br (Halon 1301), required to exting- 
uish a 0.3 gpm fuel leak fire increases with increased airflow. These data 
also indicate that, the longer a fire is permitted to burn prior to the 
commencement of extinguishment action, the greater is the quantity of fire 
extinguishant required to achieve fire control. In these particular tests 
the fuel supply was not cut off during the extinguishment phase of the 
experiment, as had been done in several earlier studies (References 10, 13). 
The authors of Ref. 23 attribute this need for increased quantities of 
extinguishant to changes in the airflow pattern (more turbulence?) brought 
about by deformation of the nacelle wall with prolonged heating, and to 
overheating of the nacelle walls caused prior to the commencement of the 
extinguishment process, thus inducing hot surface re-ignition of the still 
leaking fuel after initial extinguishment of the flame. 

The authors of Reference 23 tested other gaseous extinguishants besides 
CF^Br (Halon 1301) and they report that Halon 1301 was mere effective 
than CF 2 Br 2 (Halon 1202), which in turn was better than CF 2 ClBr 
(Halon 1211) or CH 2 ClBr (Halon 1011) and that so-called pyrotechnic de- 
livery (References 26-28) was more effective than delivery by stored 
nitrogen pressure. In an earlier study, Reference 26 also rated Halon 1301 
superior to C 2 F 4 Br 2 (Halon 2402), and this in turn was rated be- 
tter than Halon 1011. These authors also rated Halon 1301 as mere effective 
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FIGURE 1 

( 


FIRE CONTROL OF 'HJRBOFAN ENGINE NACELLES 
Redrawn from the Data given in Reference 23 




23. E. P. Klueg and J. E. Demaree, "An Investigation of In-Flight Fire 
Protection with a Turbofan Pcwerolant Installation", FAA Report 
NA-69-26 ( D6-68-26 , (April 1969). 
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than the dry powder fire extinguishants, sodium bicarbonate, and amnonium 
dihydrogen phosphate, one of the earliest references to dry powder chemical 
fire extinguishants for nacelle fire control. In another early reference to 
the use of dry powder fire extinguishants (Reference 4 ), CCl^ (Halon 
1040) was also found superior to sodium bicarbonate powder and to a water 
solution of potassium carbonate. 

In designing Halon based fire extinguishers for installation in military 
aircraft, military specifications MIL E 5352 and MIL F 22285 suggest a de- 
sign based on the relationships 

W e * AW a + BV (1) 

where W g is the weight of gaseous fire extinguishant required, is 
the airflow rate, and V is the net volume of the fire zone, and A and B are 
constants depending on the mass and flew units (Reference 29). A similar 
equation of this same form has been derived by the authors oL Reference 30, 
and is discussed in Reference 22, this equation is 

W e * <PCM e )/(RT).[ (W a t/p a ) + V ] (2) 

in which W , W , and V, are as in Equation (1), P is the total 
static pressure, C is the volume percent of extinguishant required for fire 
control, M is the molecular weight of the extinguishant, R is the gas 

G 

constant, T is the absolute tenperature, t is the extinguishant delivery 
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tiro, and p a is the ambient air density in the fire zone. The density 
of air can be expressed by the ideal gas equation relationship in the form 

<°a * (P a M a )/(RT) UJ 

where P a is the partial pressure of air, and M a is the molecular weight 
of air. Since C is the volume percent of extinguishant required to control 
the fire, then the partial pressure of air can be written in the form: 

P a « 100 - C)P (4) 

and using this. Equation 2 can be written in the form: 

W G - cy(C-100).(Me^a>.(W a t + yO a V) (5) 

Assuming that the nodel used to derive Equation 2 is valid*. Equation 5 sug- 
gests that the value of the term 

C/(C - 100).(Me/>l a ) (6) 

may yield a figure of merit for gaseous fire extinguishant effectiveness in 

preventing re- ignition after successful extinguishment, if the flammability 
peak concentration is used for the value of C in Equation (6), since no fire 
can exist at concentrations of extinguishant greater than the flammability 
peak concentration. 

* See Reference 31 for discussion of British vs. U.S. extinguishant 
weight requirements for both military and civilian aircraft. 
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Data calculated from Equation 6 suggest that Halon 1301 should be about 
equal to Halon 1202, and should be sirnif icantly better than Halon 1211 in 
delaying hot surface re-ignition. Similarly, Halon 1202 should be more 
effective than Halon 2402. Unfortunately, this simple picture does not seem 
to be supported by experimental facts such as those from the static airflow 
pan fire test data of Piala (Reference 33a). This author used a hot surface 
re-ignition source in the form of one sidewall of a test pan, which was 
heated by an exfcerml flame to 1000°C, and demonstrated that Halons 1301 and 
1211 were about equally effective in delaying re-ignition, and that Halons 
1202 and 2402 were also approximately equal in effectiveness. Mere 
signif icantly, this author demonstrated that the latter pair were markedly 
bitter than the first pair in delaying re-ignition. A possible explanation 
for this may lie in the physical properties of each system at the ambient 
conditions prevailing. The experimental effectiveness of Halon 1211 
relative to Halon 1301 is greater than that predicted by Equation 6, 
possibly because Halon 1211 is discharged as a liquid, while Halon 1301 is 
discharged as a gas. Likewise, the greater than predicted effectiveness of 
Halon 2402 relative to Halon 1202 may be attributed to its lower volatility. 
In this respect, it is instructive to consider this aspect of volatility 
further with reference to the current fire control system fitted to the 
P-111 aircraft. 
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The extinguishant in current use with the F-l.il engine nacelle fire con- 
trol system is based on Halon 1202, and driven by compressed nitrogen 

gas. The higher boiling temperature of Halon 2402 presumably means that 

1 

this Halon will have a lower extinguishant vapor pressure at 260°C (500°F), 
the maximum quoted temperature for storage of the fire control system; and 
when the Nj driver gas is included also, there will be a significantly 
lower total pressure in the system as a whole when compared to the Halon 
1202 based system used for the F-lll. According to McClure and Springer 
(Reference 22) the F-lll engine nacelle fire control system contains 5.8 Kg 
of Halon 1202 charged initially with to 42 atmospheres pressure at 
20°C in a tank volume of approximately 6.3 liters. 

Calculating the exact system pressure for a Halon based fire control 
systems depends to a large extent on the availability of experimental values 
for the vapor pressure of such Halons, and values of the pressures recom- 
mended for the driver gases. The following data provide us with an es- 
timate of these parameters. Gerstein and Allen (Reference 30) have es- 
timated the vapor pressures of Halons 1202, 1211, and 1301, and the total 
system pressure for these systems, at 260 °C via a calculation based on the 
known total system pressure at 20°C of 27 atmospheres, and they showed that 

P 1 301 > P 1211 > P 1202 

for both the vapor pressure and the resulting total system pressure at 260 °C 
for each system, but they do not give a corresponding pressure estimate for 
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Halon 2402. DeRouville and Hebenstreit (Reference 27), have measured this 
latter quantity, yielding data that shewed a total system pressure of 102 
atmospheres at 260°C when approximately 1.8 moles of Halon 2402 had been 
loaded into a container of 0.3 litres total volume, and sufficient air added 
to bring the total system pressure up to 1 atmosphere at 20°C. On repeating 
tins experiment using the same number of noles of Halon 1301, they measured 
a total pressure of 197 atmospheres at 260°C. They also reported that the 
Halon 2402 total pressure increased by no more than 4 atmospheres after 10 
weeks storage at 260°C. 

The total system operating pressure for Halon 1301 at the maximum ex- 
pected storage temperature of 260°C is unacceptably high. It is therefore 
of interest at this point to determine whether use of Haions 1202 or 2402 
might usefully reduce this total operating pressure for the F-lll fire con- 
trol system, since both of these independent sets of data indicate that 
Halon 1202 and Halon 2402 have lower total pressures at 260°C (500°F) than 
does Halon 1301. In order to calculate this, we assume that non- ideal gas 
behavior can be expected for all of the Haions, as well as for the 
driver gas, since relative to other gases and low boiling liquids, the 
Haions have relatively high critical temperatures. Equally, at the prevail- 
ing temperatures, the pressures of the nitrogen driver gas is commensurate 
with its own critical pressure. We will further assume that van der Waals* 
equation of state 

(P + n 2 a/V 2 )(V - nb) = nRT 


(7) 
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will provide a reasonable estimate of non-ideal behavioural characteristics 
for these systems, and we will use this equation to calculate the final sys- 
tem pressure for these two Halons (Reference 34). The advantage of the van 
der Waals' equation is that the parameters M a M and "b H can be calculated 
with sufficient accuracy from the critical parameters of the gaseous fluid, 
and do not need to be found by an experimental fit. In Equation 7, the 
values of a, b, and R, are derived from the critical parameters, V , 

V# 

P , and T , by the relations, 
c c 


b * V 3 

(8) 

a » 27b 2 /P 
' c 

(9) 

R » Sa/27bT 

V 

(10) 


where the parameters n, P, and T, are the number of moles of the gaseous 
fluid at a pressure P and absolute temperature T. 

The parameters of interest pertaining to the F-lll fire control system 
are: the total volume of the holding container, 6.3 litres? the estimated 
maximum storage tenperature, 260°C (500°F); initial mass of Halon loaded at 
the ambient temperature, 5.8 Kg at 20°C of Halon 2402; and the initial 
total system pressure caused by charging the system with nitrogen driver gas 
at ambient temperature, 42 atmospheres at 20°C. Since the vapor pressure of 
Halon 2402 is only 0.5 atmospheres at 20°C (293°K), and the liquid density 
is 2.16 git/cc, that part of the total pressure due to is approximate- 
ly 41.5 atmospheres; therefore, the 5.8 Kg of Halon 2402 has a liquid volume 
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of ca. 2.7 liters. Hence, assuming that ^ gas is insoluble in liquid 
2402, the nitrogen gas is contained in the remaining 3.6 liters. Now using 
the van der Waals' equation (Equation 7), we can calculate the number of 
moles of nitrogen gas present from the given tenperature, pressure, and 
volume. This yields an answer for n^ (number of moles of nitrogen 
gas) of approximately 8.2 moles. Since the maximum estimated storage tem- 
perature of 260°C is above the critical temperature for Halon 2402, gaseous 
nitrogen will now share the entire volume along with the totally gaseous 
Halon 2402, Its contribution to the total system pressure is now estimated 
by repeating the calculation just illustrated, but using a volume of 6.3 
liters and temperature of 500°K for 8.2 moles of ^ and for 22.3 moles 
of 2402 (equivalent to the 5.8 Kg loaded originally). The result of these 
calculations is that the ^ driver gas will exhibit a pressure of ca, 45 
atmospheres at 260 °C, and the pressure contribution from the Halon 2402 is 
an additional 50 atmospheres; thus the total system pressure will be 95 
atmospheres (1400 psig). Similar calculations have been carried out for the 
other Halons. 

Although the calculated total pressures at the maximum estimated storage 
temperature of 500 °F for these Halon based systems are high, Graviner (Ref- 
erence 37) nevertheless chose Halon 1211 for the new Concorde engine nacel- 
le extinguishant. This is partly mitigated by the fact that the estimated 
in-flight skin tenperature of this aircraft lies in the range -20° to 100°C, 
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and only at the last engine compression stage does the temperature rise to 
ca. 580 °C (1075°P) . Graviner has proposed to circumvent the major defect of 
gaseous fire control systems, which involves the markedly reduced ex- 
tinguishant weight effectiveness due to increased airspeed in the nacelle, 
by shutting a pair of flaps upstream of the compressor to physically reduce 
the nacelle airflow to the minimum leakage rate, 9 Ib/sec, before beginning 
to discharge the cylinder containing 16 pounds of Halon 1211. This is es- 
timated to provide a minimum Halon concentration of 10.5 % by volume within 
2 seconds after discharge begins, and to maintain this concentration for the 
next 2 seconds (Reference 31). 

Bearing in mind the disparities exhibited between calculated values and 
experimental data obtained by Fiala (Reference 33a) for the apparent effect- 
iveness of various systems, we believe that further development of a gaseous 
fluid based fire control system for advanced jet engine nacelles is not a 
promising proposition, and that further development of other halogen based 
liquid or gaseous systems is probably inadvisable. Although the reduced 
weight effectiveness of fluid based systems under conditions of high air 
flow can be mechanically circumvented to some extent (for exanple, the 
method proposed by Graviner for the Concorde), this facet of the overall 
problem merely adds errphasis to the statement above. 

If fluid (gas or liquid) based systems will not provide the needed 
characteristics, then solid systems should be investigated further. There 
are many reports in the research and development literature concerning the 
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negative catalytic effects and general inhibition of gas phase phenomena by 
solid surfaces. For example, the minimum pressure and tenperature required 
for the thermal detonation of a hydrogen-oxygen mixture, or for the ignition 
of a hydrocarbon-air mixture, is significantly increased when the inner 
walls of the container are coated with a salt layer such as KCl or CsCl (Re- 
ferences 38-41). Since such salts are also known to be effective as fire 
extinguishants (References 42-43), one of our objectives is to develop fire 
extinguishant materials that will adhere to the walls of a jet engine nacel- 
le, and thus help to nullify this high air-flow effect which negates the 
fire control mechanism of gaseous systems. Further, a second objective 
will be to develqp a solid based fire control system that will not only ex- 
tinguish the fire, BUT WHICH WILL PREVENT RE-IGNITION OF TOE FIRE EVEN 
THOUqj THE CONDITIONS THAT PRODUCED THE FIRE INITIALLY ARE STILL OBTAINING . 
The principal aspect here is, that even if jet fuel (JP-4) is still leaking 
onto a hot surface, and thus providing a potentially flammable situation 
throughout the delay period, the solid extinguishant adhering to the surface 
should provide a sufficiently high inhibitory effect so as to prevent re- 
ignition. It is hoped that a system, or systems, can be developed that 
will provide a minimum of 5 minutes delay in the re-ignition time under the 
conditions prevailing, or expected to prevail, in advanced jet engine nacel- 
les (these conditions are summarized in Table 1). Our experimental approach 
will involve the development of a laboratory scale test facility to simulate 
the fuel ignition and flame propagation characteristics of jet engine nacel- 
le fires under both static and moderate airflows. 
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II. STATEMENT OF EX PERIMENTAL PROBLEM 

Hie primary objective of this research was to find a suitable system, or 
systems, that will control ignition initiated by fuel leakage onto a hot 
surface under conditions pertinent to those that obtain, or will obtain, in 
the engine nacelles of advanced civil/military aircraft. In particular, the 
system shall extinguish a fire generated by JIM fuel contacting hot sur- 
faces at temperatures up bo 815°C, and keep this fire from re- igniting for a 
minimum of 300 seconds even though JIM fuel continues to contact the hot 
surface at this temperature. Further, since the extinguishment system will 
be subject to storage prior to use, the system has to be stable to gain 
and/or loss in weight due to water absorption (hygroscopic and efflorescent 
properties) and chemical/physical decomposition (weight loss, vapor pressure 
increases, or gas evolution) over a temperature range from -55°C to 26G°C. 
In general, weight losses and associated changes shall not exceed 5% by 
weight. A final criterion involves performance under high air-flow 
velocities (up to 350 ft/sec) as would be present through an engine nacelle 
of an aircraft in flight (see Table 1). As described in the Introduction, 
fluid systems (CO 2 or Halon based), are deemed to be inadequate, and a 
prima-facie assessment indicates that solid dry chemical systems may provide 
viable alternatives. 

In terms of a search for materials that will fulfill these requirements, 
two criteria are important; will the system extinguish a fire generated by 
JP-4 fuel contacting a hot surface maintained at tenperatures in excess of 
800° C. and/or will the system prevent re- ignition for long time periods 
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even though the fuel continues to contact the hot surface. From intuitive 
aspects, it is possible that a component which accortplishes the first task 
well may not necessarily accomplish the second task in an equally satisfac- 
tory manner. Thus, it is probable that a mult i-conponent system approach to 
the overall objective should be adopted. 

In vie# of the number of parameters that are expected to contribute to, 
and interfere with, fire control, it was decided that a small carefully con- 
trolled testing assemblage should be designed, built, and refined, which 
would allow a pre-screening of suitable candidate systems. Those systems 
that performed well under static laboratory test conditions would then be 
tested in a larger dynamic simulator, under conditions that would involve 
exposure to high air-flow velocities as well. Pre-screening laboratory 
testing was done via a so-called static assemblage (no air-flcw velocities 
for the majority of testing, and a maximum of ca. 10 ft/sec air-flow only as 
an accessible laboratory parameter). Dynamic testing of suitable materials 
was undertaken in conjunction with a separate experimental assemblage under 
the auspices of Dr. D. Myronuk of San Jose State University (details are 
presented in this Report). 

In order to find a suitable answer to the stated problem, several ex- 
perimental problems had to be solved, and one assunption taken; namely, that 
the measured re- ignition delay time is a characteristic parameter of the 
system, and that measurement of this parameter will provide self-consistent 



17 


and meaningful data concerning the systems tested. Based on this as- 
sumption, the following experimental questions arise: 

1. Can a suitable laboratory testing assemblage be developed that will 
allow us to determine which experimental parameters contribute to the ob- 
served re- ignition delay time, their relative inportance to this process, 
and whether these contributing variables can be adequately controlled? 

2. Assuming that the contributory variables can be adequately control- 
led, can meaningful self-consistent data be obtained for these re-ignition 
delays, and are the re- ignition delays a meaningful characteristic parameter 
of the systems under test? * 

3. Using the knowledge gained from 1 and 2 above, can the nature of the 
species, and the mechanism controlling re-ignition, be identified? In 
particular, can inherent fire control characteristics be predicted and these 
facts used to design a new system that will provide better performance than 
has presently been observed? 

4. Can the system predicted in 3 above be modified and/or tailored so 
as to produce both initial extinguishment and subsequent long term control 
of the re-ignition process? 


An obvious alternate criterion of effectiveness is the mass of 
a particular extinguishant system that will extinguish a pre- 
set and pre-calibrated fire; the smaller the quantity needed 
the "better" the system. We have not attempted to use this 
criterion for the static testing studies, but it does form 
part of the approach used for the dynamics imulator studies. 
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5. Will the systems developed that satisfy 4 above satisfy the perform- 
ance criteria delineated by the sponsoring Agency, and if not, can they be 
made to do so by chemical and/or physical modifications? 

6. Can the new materials developed in 4 be suitably characterized so as 
to ad low larger scale production and testing in the dynamic simulator, and 
-hence to full scale testing in real situations? 

Experimental methodologies have been developed that attenpt to answer 
these six phases of the investigation, and adequate solutions to the major- 
ity of these problems have been formulated. These experimental data are de- 
scribed in the next section. 


{ 

\ 
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III. KXPERIMENI'AL PROCEDURES - STATIC TESTING PHASE 

Hie overall experimental program can be sub-divided into two major 
aspects: Firstly, testing of materials in the static assemblage under con- 

ditions of minimal air-flow, together with subsequent syntheses and charac- 
terization of new materials. Secondly, testing of the materials found to be 
most effective from static testing criteria in a larger dynamic facility 
which allows evaluation under conditions of high wind velocities such as 
those that would obtain during in-flight engine nacelle fires. 

************************************************************** 


LABORATORY SCALE STATIC TESTING ASSEMBLAGE: In relating fire control effec- 
tiveness to the relative magnitudes of the re-ignition delays induced by 
various dry chemical systems in flammable situations, it became necessary to 
develop a testing assemblage. Accordingly, the simple open pan fire concept 
was used as an initial development point, and a representation of the first 
such assemblage is shown in Figure 2, It was immediately obvious from pre- 
liminary experiments that precise self-consistent data accumulation could 
not be managed with this simple approach. An extensive and systematic in- 
vestigation of possible contributing parameters that served to destroy pre- 
cision and repeatability was undertaken, and culminated in the design shewn 
diagrammatically in Figures 3, and photographically in Figures 4 through 8. 
This complete assemblage was mounted in a fume hood, to prevent dangerous 
accumulations of JP-4 fuel vapor. The final refinement of dimensions and 
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Gas Ejection 
Dry Powder 
Delivery Funnel 


Stainless Steel 
Heated Plate 


Thermocouple 


Electrical Heater 


STATIC FIRE TEST 
ASSEMBLAGE 


FIGURE 2 : SCHEMATIC DIAGRAM OF FIRE TEST ASSEMBLAGE (INITIAL CONFIGURATION) 
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FIGURE 3 
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SCHEMATIC REPRESENTATION OF TOE STATIC TESTING ASSEMBLAGE 


IN ITS FINAL FORM 
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ORIGINAL page 18 
OF POOR QUALITY 



FIGURE 4 : THE INTERIOR OF THE CAVITY SHOWING THE TWO METAL-BRAID SHEATHED 

QIROMEL-ALUMEL IHERMOOCXJPLES SPOT WELDED 
TO THE HEATED PLATE SURFACE 

The fuel feed needle can be seen in the center of the photograph/ supported 
rigidly at the end to prevent movement under pressure from the fuel feed 
pump. The gas inlet tubes (copper in this photograph, but usually con- 
structed from stainless steel) can be seen along the edges of the cavity, 
with the gas diffuser gauze appearing under the gas deflector plates. The 
ends of the cavity are sealed with a soft fireproof insulating material. 
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FIGURE 5 : THE BRICK ENCLOSURE AROUND THE HEATED PLATE 

The enclosure is mounted in a fume hood, together with a timing clock, fuel 
Punp, and fuel reservoir on the extreme right of the picture. The front of 
the cavity is closed with a transparent plastic shield, allowing observation 
of the flame processes. In this photograph, the fuel has just been turned 
on, and the flame ignited. The gas feed tubes to the cavity can be seen at 
the extreme left and right hand sides of the brick enclosure. 









FIGURE 6: 
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DISCHARGE OF THE DRY CHEMICAL AND CONSEQUENT 
FLAME EXTINGUISHMENT 


In this photograph, the dry chemical extinguishant has just been discharged 
(commercially supplied potassium bicarbonate in this particular experiment) 
and the flame extinguished. The chart recorder used to monitor the temp- 
erature of the plate from the chrome 1-a lumel thermocouples can be seen on 
the left of the fume hood. 


( 






25 



FIGURE 7 : THE INTERIOR OF THE CAVITY AFTER DISCHARGE OF THE DRY CHEMICAL 

AND AFTER THE FLAME HAS RE-IGNITED 

The splash pattern of the fuel stream contacting the heated plate surface 
can be clearly seen in the center of the plate. This scouring action to 
cleanse the heated surface is partly due to the momentum of the fuel, and 
partly to tne vigorous boiling action as the volatile fuel contacts the hot 
surface. 











FIGURE 8 : THE CAVITY AT THE MOMENT OF RE-IGNITION 

This photograph illustrates the re-ignition process; the JP -4 fuel vapor 
has ignited throughout the whole of the cavity, and flames can be seon ex- 
iting from the vent in the rear of the cavity. The vivid purple color is 
fran potassium ions from the KHCO3 powder used to extinguish the flame 
in this experiment. 
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ancillary equipment yielded a usable assemblage by 7/23/76. The final 
dimensions of the cavity were 15 x 40 x 12 cm, with a 8 x 15 cm vent at the 
top rear of the cavity, and a total volume of ca^ 6 litres. 

As a measure of satisfactory perfomance, the only criterion adopted was 
a quantitative measure of precision. We chose to use the standard deviation 
(SD) of a data set calculated from 


(SD) 2 » 


i=N 

y~ (x< ~ x) 2 

i~l 


(N -* 1) 


where N is the number of data points in the set. Typical values for the 
standard deviation as a function of the mean X were systematically reduced 
from values in excess of 500% to final values that were routinely less than 
33%, and often as little as 10%. Data points that lay outside the values 
corresponding to "the mean + twice the standard deviation of the mean" were 
discarded, and a new standard deviation was computed. This degree of pre- 
cision was deemed sufficient for the purposes of this investigation. 

COWTRIBtfrORY VARIABLES: In the course of developing the final successful 
static testing assemblage, it was found that the p-caision achieved in the 
measurement of re- ignition delay times was influenced strongly by several 
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variables. One major cause of erratic behaviour, i.e. lack of repeatabil- 
ity of measured re- ignition delay times when apparently all parameters of 
the system were identical, was related to random air currents across the 
heated surface. In this respect, it soon became apparent that the assembl- 
age should be as tightly sealed as possible. In view of the re-ignition 
process, and particularly when oxygen was used to provide a higher partial 
pressure of oxidant than that available from air combustion (when quite 
severe concuss ive re-ignition was often the rule), a standard vented 
enclosure was designed. To seal the enclosure against occasional leaks, 
especially close to the plate surface, a combination of rigid fire-proof 
board l"Transite k5) " materials) and a soft fire proof woven sheet (*'Fiber- 
frax'®", available commercially) were used to ensure a leak proof cavity. 

A second set of problems was identified as involving delivery of fuel 
to the heated plate surface. Firstly, the rate of fuel delivery had to be 
standardized; secondly, the degree of atomization of the fuel stream sup- 
plied to the plate had to be standardized; thirdly, the point of initial 
contact of the fuel stream with the concave heated plate surface had to be 
standardized. This third factor was attributed to a potential scouring ac- 
tion by the fuel stream travelling tangentially across the heated surface; 
and particularly for oxygen rich atmospheres, local concentrations of fuel 
could build up in oxygen rich areas of the cavity, leading to irreproducible 
data. Use of oxygen diffuser plates, and deflector plates, as shewn in 
Figures 3 through 8, helped to alleviate these problems. As development 
proceeded, gravity feed droplet delivery of the fuel to the plate proved 
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i inadequate, and all of these latter facets were found to be controllable by 
utilizing a constant volume delivery punp to deliver a metered amount of 
JIM fuel, and a long (30 cm) capillary needle (0.2 mm i.d.) to deliver the 
fuel reproducibly close to the plate surface (end of needle was ca. 5 cm 
from plate surface). It was found best to deliver the fuel to the center 
of the plate, such that the stream of JIM struck the surface of the heated 
plate normally (i.e. at an angle of 90° to the surface). Although a slight 
degree of "splashing" did occur, producing a snail shower of ancillary drop- 
lets, provided that the momentum of the fuel stream was not too high, this 
did not create a problem. Further, as shown in Figure 3, the needle was 
mounted concentrically through the center of the cone that delivered the dry 
chemical agent to the plate surface. Thus, both dry chemical extinguishant 
and JP-4 fuel were delivered to the same point on the plate initially. 

Apart from these variables, other major parameters of the system expec- 
ted to contribute to the observed re-ignition delay from intuitive ideas 
would include the following: 

(a) Rate of fuel delivery to the heated surface 

(b) Partial pressure of the oxygen above the heated surface 

(c) Mass of extinguishant delivered to the plate surface, together with 
the associated surface density of the extinguishant over the plate 

(d) Particle size of the extinguishant pcwder and/or bulk density of 
the dry chemical extinguishant 

(e) Temperature of the heated surface 

Several other variables were identified as the investigation progressed, and 
these will be dealt with systematically in the following sub-sections. 
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T EMPERAtnJRE MEASUREMENTS : Since the temperature of the heated plate sur- 
face was one of the major independent variables, accurate values for this 
parameter were essential, and a knowledge of prevailing temperatures adja- 
cent to tiie actual surface are also needed. Initial measurements were made 
using a metal braided chromel/alumel thermocouple held in contact with the 
surface. A representative profile of the tenpe natures along the center line 
of the concave plate surface and vertically above the center of the plate 
are shewn in Figures 9 and 10, respectively. Since the tenperature was seen 
to change so abruptly just off of the heated surface, it was decided that 
only by directly welding a thermocouple to the plate surface could accurate 
temperature information be obtained. To obviate thermocouple failure, two 
chromel/alumel thermocouples were spot-welded to the center of the plate, 
with each thermocouple junction approximately 1" <\part (see Figure 4). The 
tJiennocouples were read via a 10" strip chart recorder, and the strip-chart 
trace was calibrated directly using a Leeds and Northrup special Chro- 
mel/Alumel Thermocouple Potentiometer. Calibration data were taken each 
morning prior to use, over a range of temperatures from 50°C below the 
minimum to be used, to 50 °C above the maximur', to be used, at 50 °C increments 
throughout the range covered (usually, 375° to 700°C, or 600° to 900°C). 
Severe corrosion of the chromel-alumel thermocouples was noted for all dry 
chemical reagents at the higher temperatures, and for caustic reagents at 
all tempe atures. 
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FIGURE 9: TEMPERATURE PROFILE ALONG CENTER-LINE OF HEATED PLATE SURFACE 

The points marked 'A' show the edges of the electrical heating element under 
the stainless steel plate; ’B' indicates the two chrome 1/a lumel thermo- 
couples spot welded to the plate surface; r C' indicates the walls of the 
canbustion cavity. 
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FIGURE 10: TEMPERATURE PROFILE VERTICALLY ABOVE THE CENTER OF 

THE HEATED PLATE SURFACE 

A small moveable chrome 1/a lumel thermocouple junction was used to chart this 
temperature profile vertically above the center of the heated plate surface. 
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EXPERIMENTAL TECHNIQUE: Several experimental techniques were tried, but 
eventually one was selected over the others and retained for all comparative 
testing. It was soon noticed that repeatability suffered adversely if the 
heated surface was not cleaned thoroughly between experiments. This was 
most apparent for compounds that formed a "crust" over the plate surface, or 
reacted with {or appeared to react with) the metal surface. Therefore, be- 
tween successive experiments, the excess dry chemical from previous run 
was removed using a vacuum cleaner, the plate was sprayed liberally with 
distilled water in order to dislodge all particles adhering to the heated 
surface and/or to dissolve soluble deposits, and while the plate was still 
drenched with water and before the water could evaporate from the hot surf- 
ace, the plate was vacuum cleaned again. The front cover to the cavity was 
replaced, and the plate allowed to reach a steady pre-selected temperature 
ready for the next experiment, with the oxidant flew (either pure oxygen, or 
air, or pre-selected mixtures of oxygen and nitrogen) adjusted to (usually) 
2 standard litres per minute of gas flow (SLPM). The normal experimental 
procedure was then as follows: 

1: A known mass of extinauishant powder was loaded into the reservoir 
of the discharge funnel, taking care not to dislodge any powder onto the 
clean plate surface. When a spillage occurred, the plate was re-cleaned as 
above and left to temperature equilibrate. 

2: The fuel punp was tumed-on at a pre-selected flew rate. 

3: The fuel would new normally ignite within 1-3 seconds depending on 
the plate temperature. At the moment that ignition occurred, the dry chemi- 
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cal extinguishant was discharged (via a 10 psig compressed air line, later 
replaced with a compressed nitrogen discharge line) so as to extinguish the 
flame. If the flame did not extinguish, this run was terminated at this 
point. 

4: If the flame did extinguish the fuel pump was allowed to continue 
punping fuel onto the heated surface; the time between the moment of ex-* 
tinguishment and subsequent re-ignition was then measured and noted. If no 
re- ignition occurred within (usually) 1,000 seconds, then the run was ter- 
minated by switching off the fuel pump. 

The overall technique described by steps 1 through 4 above was used for 
all comparative testing (data described belcw), and provided a precision for 
a data-set containing up to 12 points corresponding to a standard deviation 
of less than 30% of the nean for the set, and often as srrall as 10% of the 
mean. When data points lay outside the range of the mean by more than two 
standard deviations, then these points were discarded (essentially 
Chauvenet's Criterion), and the mean was recomputed. This process was not 
repeated a second time for any one data set. 

Other alternative experimental techniques were tried, primarily invol- 
ving changes in steps 3 and 4; these consisted of the following variations; 

5; In Step 3 above, after ignition, the flame was allowed to bum con- 
tinuously until the temperature measured from the thermocouple welded to the 
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plate eventually stabilized. This temperature was always higher (40 - 180*C) 
than the initial temperature set for the plate, due to the exothermic 
combustion process itself, and reduced radiative and oonvective heat losses 
from the plate by shielding from the flame process. The extinguishant was 
now discharged, and the re-ignition delay measured as before. 

6: Another variation involved Step 3 above; the fuel flow having been 
initiated, the extinguishant was discharged immediately , AND PRIOR 10 IG - 
NITION OF THE FTAME , and the time to ignition now measured. Where flame 
production was very rapid (high temperatures) , then the extinguishant was 
discharged and imrrediately following this (virtually simultaneously) the 
fuel flow was turned on, and the time to ignition measured. 

All methods gave qualitatively similar results; the final variation de- 
scribed in 6 above was rejected since it did not allow experimental 
verification of the extinguishant power of a chemical, merely the long teem 
ability to control a flame once it was extinguished. 

The method described in 5 gave qualitatively, and quantitatively, 
similar data to the method adopted (Steps 1 through 4, inclusive), but suf- 
fered one drawback, lack of knowledge concerning a precise value for the 
initiating tenperature of the plate surface. Although the tenperature of 
the plate did stabilize (+ 5°C), there was no prior knowledge of this value, 
and tenperature was no longer a truly independent variable under these con- 
ditions. 
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Typical temperature traces from the thermocouple output using the ex- 
perimental procedure outlined above are shown in Figures 11 and 12; where 
Figure 11 delineates the trace seen from the experimental procedure adopted 
(Steps 1 through 4, above) , and Figure 12 the trace from the alternate 
method described in Step 5 above (flame-on temperature equilibration). 
Typical data collected by this experimental method are shewn in Table 2. 

FUEL POLYMERI ZAT10N PROBLEMS: JP-4 fuel is well known for polymerizing in a 
static storage system, and problems were experienced involving deposition of 
an insoluble "waxy" solid inside the needle. This was particularly preva- 
lent when the assemblage was infrequently used. It was therefore customary 
to turn on the fuel pump (at the maximum flow rate) for long periods (30-60 
minutes) prior to the first experimental run of the day. This helped to 
clear any possible blockage in the needle, and also alleged calibration of 
the fuel flow rate directly by actual measurements of volume collected over 
a relatively long time period. 

FUEL ATOMIZATION TECHNIQUES: One final experimental modification tried was 
the incorporation of an electrically driven "vibrator" attached to the fuel 
supply needle. The rationale for this approach was that fuel- jet atomizat- 
ion might reduce effects attributed to fuel-jet momentum (scouring action, 
and splashing). This was un-successful? leading to an increased observed 
standard deviation for a data-set to the point where the collected data were 
inadequate for our purposes. 
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FIGURE 11 ; TEMPERATURE PROFILE AS A FUNCTION OF TIME FOR THE EXPERIMENTA L 
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TEMPERATURE PROFILE AS A FUNCTION OF TIME FOR THE ALTERNATE 
E XPERIMENTAL TECHNIQUE DESCRIBED IN THE TEXT WHICH INVOLVES 
A "FIAME-ON" EQUILIBRIUM TEMPERATURE. 
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TABLE 2 : TYPICAL EXPERIMENTAL RE-IGNITION DELAY DATA 


Re- ignition delays for Potassium Dawsonite; 

Bulk density 0.8 g/ml; 

200 ml/hour of OP-4 jet fuel; 

10 g shots of extinguishant; 

2 SLPM air input to cavity plate surface; 

Delay times measured in seconds, tenperature in °C. 

N.B. calculated SD values and means are rounded values; %SD reflect true 
values with no rounding. 


TEMPERATURE 

RE- 

•IGNITION DELAY TIMES 

(seconds) 






(°C) 

#1 

#2 

#3 

#4 

#5 

#6 #7 

Mean 

+ 

SD 

( %SD) 

# Data 

675 

269 

384 

436 

282 

302 


335 

+ 

72 

(22%) 

5 

700 

231 

162 

147 

142 

90 

145 

153 

+ 

46 

(30%) 

6 

725 

117 

178 

123 

96 

72 


117 

+ 

39 

(34%) 

5 

750 

30 

29 

56 

46 

37 

71 117 

63 

+ 

32 

(51%) 

for 12 


74 

126* 

34 

39 

72 


63 

+ 

27 

(43%) 

for 11 

775 

31 

29 

26 

31 



29 

+ 

2 

( 8%) 

4 

800 

22 

22 

24 

20 



22 


2 

( 6%) 

4 

825 

18 

19 

17 

20 



19 

+ 

2 

( 5%) 

4 

900 

7 

8 

9 

6 

8 


8 

+ 

1 

(16%) 

5 


* 


Exceeds +2 x SD for this data set 
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( LOADING DENSITY OF EXTINGUISHANT APPLIED TO THE PLATE SURFACE: Since all of 

the extinguishant is discharged (conpressed gas ejection) in one action, the 
surface density of extinguishant applied to the plate varies from point to 
point. Surface density distributions were determined via a set of con- 
centric circular containers with diameters of 2.6, 5 . 2 , and 10.0 cm; these 
were weighed before and after discharge, and the mass collected as a func- 
tion of distributive area over the plate was determined. The center of the 
concentric set of collection containers was vertically beneath the center of 
the extinguishant delivery cone, which itself was approximately 25 cm above 
the collector surface. Data obtained are shown in Table 3. These data 
indicate that distributions over the plate surface are relatively uniform, 
and vary both with bulk density and particle size distributions. 

It is not clear why the higher bulk density material (commercially sup- 
plied potassium bicarbonate) produces an overall lcwer surface density of 
powder compared to potassium dawsonite. However, since the apparent surface 
density measured for this commercial material is less at the center of the 
plate when compared to the edges, it is apparent that the powder leaving the 
discharge funnel disperses more quickly. The higher edge densities probably 
reflect the fact that the powder has hit the side walls of the cavity and is 
being collected by the outer concentric vessel following rebound from the 
cavity walls, thus increasing the observed surface density. Our synthesized 
material, potassium dawsonite, has not been treated in any extensive manner 
to either increase bulk density, or to maximize flow characteristics, and 
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TABLE 3 SURFACE DENSITIES OF DRY CHEMICAL EXTINGUISHANTS 

APPLIED TO THE HEATED PLATE 


DRY CHEMICAL 
DELIVERY GONE 


1 

PURPLE* 

-K®* 

POTASSIUM DAWSONITE** 

1 

100% P325 

sieved, 100% P325 

unsieved, 45% P325 

1 

35 cm 

SHOT SIZE 

APPLIED TO THE HEATED PLATE SURFACE 

! 

10 9 

15 g 

10 g 15 g 

10 g 15 g 

1 


Surface densities measured 

in mg/crr^ 

V 





- 2 . 6 — >| 

14+6 

37+6 

54+30 

85+20 156+20 

-5.2 >| 

26+5 

47+5 

53+16 

85+10 128+10 

• 10 . 0 cm — 1 — >| 

31+5 

48+5 

55+12 

71+ 5 96+ 5 


* Ansul Corporation KHCO 3 , all particles will pass an ASTM #325 
mesh sieve; bulk density ca. 1.3 g/ml. 

** Potassium Dawsonite, KA 1 ( 0 H) 20 C> 3 , bulk density ca. 0.8 g/ml. 
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thus leaves the discharge funnel in a more tightly packed dispersion mode. 
This both increases the central surface density and minimizes the “rebound- 
collection" behavioral pattern seen for the commercial powder. This is 
further enphasized when data for different particle size distributions are 
compared. The smaller the overall particle size distribution, the smaller 
the noted surface densities observed. Although two sanples are shown that 
contain 100% Pass #325 ASTM mesh, we have no knowledge of particle size dis- 
tributions below this figure, and it is probable that the commercial pcwder 
contains a higher percent composition of small particles than does our syn- 
thetic potassium dawsonite. This helps to increase dispersion at discharge, 
and thus reduce central surface densities at the expense of the larger radii 
measurements. 

SELF-lQ'ilTIQN PROBLEMS: In order to test a dry chemical pcwder for exting- 
uishant action, the JP-4 fuel has to ignite initially (self-ignition)? and 
for conparative measurements of re-ignition delays, it is inportant that ary 
self-ignition delay be negligible compared to the re-ignition delay. It was 
found to be impossible to obtain self-ignition spontaneously and reproducib- 
ly in times of less than 5 seconds at any tenperatures be lew ca. 650°C, us- 
ing air as the oxidant. Cons iderable investigation of fuel flow paramet- 
ers, fuel delivery modes, fuel droplet sizes, air delivery to the cavity, 
changes in fuel identities (JP-4 mixed with varying preportions of, methan- 
ol, acetone, di-ethyl ether, ethanol, propanol, ethyl acetate, tetrahydro- 
furan, and toluene? and pure conponents) did not change this fact. In 
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order to investigate the temperature dependencies of extinguishant effic- 
iencies over a realistic temperature range (down to 400 # C), it was necessary 
to have successful self-ignition at lower temperatures than 650 # C. Thus, 
oxygen input to the cavity was tried, and found (after sane experimental 
modifications and refinements to the basic cavity) to yield successful re- 
peatable self-ignition at temperatures down to 370°C. However, above ap- 
proximately 650 - 700°C, the noted re- ignition delay times were so short 
that no differentiation oould be obtained from system to system. Thus, re- 
sort was made to normal air-oxidation above ca. 700 °C, and oxygen-input 
methods below this temperature. It is realised by the authors of this re- 
port that partial pressures of oxygen in excess of 0.21 are not realistic 
conditions pertaining to fire control in engine nacelles, but this ex- 
perimental procedure does provide us with a severely differentiating mode of 
investigation for assessing the effectiveness of any extinguishant, and does 
provide access to experimental temperatures bela* 600°C that are otherwise 
denied to us. Further, it appears that the ranking-order for a set of ex- 
tinguuihants rerains substantially unchanged for experiments at ca. 500°C in 
oxygen , and at ca. 700°C in air, and that temperature dependencies are 
similar enough to allow such ranking-orders to be compared meaningfully. 
This aspect, and the effects of plate surface temperature as a variable (Ar- 
rhenius and non-Arrhenius behavior), will be discussed later. 
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SHOT- MASS DEPENDENCIES: In order to determine relative extinguishant ef- 
ficiencies, it is necessary to determine the functional dependence of the 
re-ignition delay on the mass of extinguishant delivered to the fire. If, 
in the simplest case, a limiting value is apparent, then this parameter can 
be standardized easily; if not, then an arbitrary test quantity must be 
chosen in the light of other data. Both of these behavioral patterns were 
seen, depending on whether the fuel jet was incident on the heated surface 
at angles that were normal (90®) to the surface, or obliquely tangential to 
the surface so as to provide a strong scouring effect to cleanse the surface 
of dry pcwdar. Not surprisingly, the tangential scouring action provided by 
a fuel jet incident on the curved side of the heated plate yielded a shot- 
mass dependence that exhibited a "plateau-effect", the threshold of the 
plateau being a function of the ability of the dry powder to cling to the 
heated surface and not be dislodged by the kinetic energy of the fuel jet. 
Examples of both behavioral patterns are shown in Figures 13 (plateau effect 
- tangential fuel jet) and 14 (linear dependence - fuel jet nomal to the 
surface) for oxygen enriched ignition at temperatures in the range 400 - 
600°C. There are no qualitative changes in behaviour at higher tenpera- 
tures, or for air-combustion rather than oxygen enriched atmospheres, and 
Figure 15 shows a nore detailed experimental sequence taken at 800°C using 
an iodide loaded potassium dawsonite dry chemical under conditions of air 
oxidation (note the absolute magnitudes of the delays recorded for this very 
effective compound even at these high temperatures, > 1,400°F). 


COMMERCIALLY SUPPLIED PUTASSIJM BICARBONATE. THE FUEL 
JET IS APPLIED TANGENTIALLY TO TOE HEATED PLATE SURFACE 
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FIGU RE 14 : SHOT MASS DEPENDENCE FOR THE RE-ICMITIOH DELAY CAUSED B Y 

COMMERCIALLY SUPPLIED PO TASS IUM BICARBONATE. THE FUEL JET 
IS APPLIED NORMALLY (90°) TO THE HEATED PLATE SURFACE 
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POWDER PREPARATION TECHNIQUES : Pure reagent chemicals and those synthesized 
by us were prepared by ball milling and sieving techniques, ua'ng standard 
procedures. It was usual to add approximately II by weight <jI finely ground 
fumed silica (supplied commercially - 100% will pass a 400 mesh ASTM sieve, 
bulk density cau 0.05 g/ml) to enhance flow properties and retard any poten- 
tial water absorption. Bulk densities were measured by filling a graduated 
cylinder with a known mass of powder, tapping the base of the capped cyl- 
inder gently on a hard surface for 60 seconds, and calculating the apparent 
density from the final volume achieved. Powders so prepared were either 
used directly unsieved (typically, ca. 35-45% at Pass-325 ASTM mesh, 100% 
Pass-170 ASTM mesh), or separated into constant fractions containing well 
defined particle sizes using Number 400, 325, 230, and 170 ASTM mesh sieves. 
No additives to enhance bulk densities were used for any reagent chemicals 
or synthesized materials and commercial powders were used directly as re- 
ceived from toe manufacturer. 

BULK DENSITY AND PARTICLE SIZE EFFECTS: Among the principal physical 
quenching effects are those attributed to thermal dilution (heat capacity 
effects pertaining to crystal structure changes, chemical decomposition, 
phase change phenomena, and thermal reservoir effects), and to third-body 
effects associated with gas phase radical recombination reactions. The 
first mechanism is a species-dependent phenomenon, and is difficult to 
investigate in experimental isolation or indeed to separate from purely 
chemical species-dependent effects. Moreover, it is difficult to dis- 
tinguish purely physical phenomena such as crystal decrepitation and sub- 
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sequent thermal reservoir effects produced by chemical decomposition from 
necessarily associated chemical aspects involving# for example# carbon 
dioxide gas release from carbonates and consequent "blanketing" effects (a 
physical mode) induced by the chemical (OO2 gas) reducing local 
concentrations of oxidant and/or fuel derived species producing the flams. 
We have used the rather loose criterion that if a chemical product derived 
from the extinguishant takes part in (interferes with) any of the flame 
producing reactions# then this is classified as a chemical effect. Thus# by 
this definition# local CO2 gas production and consequent physical 
occlusion of flame reactions will be classified as a physical quenching 
node. 

The second general phenomenon mentioned above, that of third-body col- 
lision reservoirs, should be a direct function of particle size. Firstly, 
the more particles per unit mass, the greater the probability of inducing 
third-body collisions (this will involve both number density effects and 
surface area effects). Secondly# the smaller the particle, the longer that 
particle should, stay suspended in the gas phase and thus the longer it can 
affect homogeneous gas phase reactions. Finally# it is possible that phys- 
ical and chemical decomposition (thermal dilution effects) will be enhanced 
by smaller particle sizes. An associated phenomenon is one of bulk density. 
The denser the particles the more easily they will penetrate to the base of 
the flame and thus to the core of the flame generation region. 
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The difficulties of investigating the effects of bulk density indepen- 
dently of the effects introduced by particle size, and vice-versa , needs to 
be emphasized. The bulk density is a sensitive function of the particle 
size; changing the particle size distribution by sieving immediately alters 
the apparent bulk density of the resulting powder. Accordingly, we elected 
to separate a test-powder into relatively narrow particle size distributions 
(using ASTM sieves numbered 170, 230, 325, and 400), and adjust the apparent 
bulk densities of these fractions to a constant value by the addition of a 
la* density (0.05 g/ml) fumed silica flew agent. In a second experimental 
sequence, we selected one particle size distribution and prepared a sequ- 
ence of samples with bulk densities varying over the range of ca. 0.35 - 1,4 
g/ml by addition of the same fumed silica additive. Preliminary experiments 
clearly indicated that the fumed silica additive did not of itself act as 
either as an extinguishant or an inhibition agent and could thus be treated 
as an "inert" additive. For this second experimental sequence, since 
significant portions of flow agent were addeca to some of the low density 
samples, the mass of each shot delivered for each determination of the RIDT 
values was adjusted such that the quantity of "active" dry chemical de- 
livered was identical and equivalent to that delivered for the highest de- 
nsity sanple. Data from these particle size and bulk tensity studies are 
sunvnarized in Table 4 and Figures 16 (particle size study) and 17 (bulk 
density study). A commercially supplied potassium bicarbonate based dry 
chemical was used to obtain tne data in Figures 16 and 17, and a reagent 
grade aluminum hydroxide based material prepared by us was used to obtain 
the data in Table 4. 
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TABLE 4 INVESTIGATION OF TOE EFFECTS OF BULK DENSITY AND PARTICLE SIZE 
ON THE RE-IGNITION DELAY S CAUSED BY POTASSIUM DAWSONITE FOR 
VARIOUS TEMPERA HJRES. 



KD SAMPLE #1 

100% P325 0.9 g/ml 94 + 18 42 + 2 12 + 3 

KD SAMPLE #2 

37% P325 1.2 g/ml 40 + 14 19 + 6 12 + 3 

KD SAMPLE #3 

37% P325 0.9 g/ml 27 +8 21 + 2 7 + 1 

10 g shot size in each case, 200 ml/hour JP-4 fuel flow, 2 SLPM air flow. 
Sanples contain 1% by weight of a commercially supplied flew agent. 


( 
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Mean particle diameter ( micrometers I 


FIGURE 16 : RE-IGNITION DELAY FOR COMMERCIALLY SUPPLIED POTASSIUM 

BICARBONATE AS A FUNCTION OF THE PARTICLE DIAMETER 

j 


JP4 FUEL FLOW AT 250 ml/hour; OXYGEN FLOW RATE AT 1.5 SLPM; TEMPERATURE 
400 °C? SHOT MASS SIZE USED FOR EACH DETERMINATION WAS 4 g. 


A PASS 400 MESH ASTM SIEVE 
B PASS 325/NOT PASS 400 SIEVE 
C PASS 230/NOT PASS 325 SIEVE 
D PASS 170/NOT PASS 230 SIEVE 
E NOT PASS 170 ASTM SIEVE 


< 38 urn particle size 
38 to 45 um particles 
45 to 63 um particles 
63 to 90 um particles 
> 90 um particles 


( 
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FIGURE 17 : DEPENDENCE OF TOE RE- IGNITION DELAY ON THE BULK DENSITY OF A 

COMMERCIALLY SUPPLIED POTASSIUM BICARBONATE DRY POWDER 

EXTINGUISHANT 


TOE BULK DENSITY WAS CHANGED BY ADDITION OF A SILICA FLOW AGENT KEEPING TOE 
PARTICLE SIZE DISTRIBUTION CONSTANT THROUGHOUT; JP4 FUEL FLCW AT 250 ml/hr; 
OXYGEN FLOW RATE AT 1.5 SLPM; TEMPERATURE 400 “C; 4 g SAMPLES USED FOR EACH 
OF THE DETERMINATIONS. 
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These data clearly indicate that bulk density effects are small in our 
static testing assemblage, although this parameter may become important if 
the dry powder has to be delivered to the fire over a long distance 
( "threw"), or if the fire occurs in conditions of considerable turbulence 
where penetration to the initiation point of the fire is important. How- 
ever, particle size effects were seen to be important, producing marked 
changes in the observed re- ignition delay. This general effect had already 
been noted by several earlier investigators (4), although their data were 
obtained from conventional laboratory mechanistic studies of flame quenching 
rather than the simulated fire control conditions used herein. However, 
their data did not exhibit the marked dependence shown in Figure 16. Since 
the effect is virtually discontinuous at a particle distribution that passes 
through a 400 mesh ASTM sieve, and since we knew nothing of the particle 
distribution in this fraction ( <38 urn), it is impossible to predict further 
behaviour . 

OXYGEN FLOW RATE STUDIES: In order to attain self- ignition tenperatures be- 
low 650 °C, we fpund it necessary to inject oxygen into the vapor space above 
the heated plate surface. Obviously, the partial pressure of oxidant will 
be a fundamental parameter, and a brief study was initiated to determine the 
dependence of re-ignition delays on the effective partial pressure of oxygen 
(as measured by its flow rate into the cavity) over a range from 1.5 to 3.5 
standard litres per minute (SLPM). These data are shewn in Figure 18, where 
JP-4 fuel at 200 ml/hour was allowed to contact a heated surface at 400°C, 
the sample used was a commercially supplied potassium bicarbonate dry ponder 
with 5 gram shots of this chemical being used for each determination. 



Oxygen flow rate 
(standard liters/minute) 


FIGURE 18 : DE PENDENCE OF TOE RE-IGNITION DELAY TIME FOR COMMERCIALLY 

SUPPLIED POTASSIUM BICARBONATE EXTINGU I SHANT AS A FUNCTION 
OF THE OXYGEN PARTIAL PRESSURE ABOVE THE HEATED PLATE 
SURFACE (MEASURED IN TERMS OF IKE OXYGEN FLOW RATE 
INTO THE VAPOR SPACE ABOVE THE HEATED PLATE) 





56 


It should also be noted at this point that use of oxygen flow into the 
combustion cavity in order to lower the self-ignition tenperature provided 
an excellent differentiating" effect. Systems that apparently exhibit 
similar properties under oxidation by air will produce a wide range of re- 
ignition delays using oxygen. As will be seen in a later section, ranking 
of extinguishants in order of effectiveness appears to be independent of 
oxygen partial pressure. Finally, it should be noted that for low tem- 
peratures and/or extinguishants that produce long re-ignition delays, the 
JP-4 vaporized fuel concentration can build to high levels in the presence 
of oxygen atmospheres - a potentially dangerous situation for un-vented 
cavities, or inadequate hood ventilation. Under these conditions, re- 
ignition can often be accompanied by a violent detonation. It was noted 
that detonation was mast prevalent for the initial experimental runs in an 
essentially cold cavity (see "Hysteresis Effects" in a later section of this 
Report) at lew temperatures; for temperatures of 500 °C and above, re- 
ignition took place smoothly, and was a scarcely audible process. 

EFFECTS OF AIR FLOW ACROSS THE HEATED PLATE SURFACE: To prevent excess fuel 
hampering combustion processes (fuel/oxidant ratio effects), a stream of air 
was supplied to the plate surface. This air stream was supplied at rates 
ranging from 1.5 to 9.0 standard litres per minute (SLPM). At high air 
flows, in excess of 6 SLPM, definite turbulent effects could be seen, and 
the re- ignition delay began to increase markedly. For air flews between 1.5 
5Jid approximately 6 SLPM a smooth decrease in re- ignition delay was seen, 
similar to that already noted for oxygen inputs to the Cavity (described in 
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the Section above). This smooth decrease also followed a "reciprocal con- 
centration" function second-order kinetic plot resembling that shewn in 
Figure 18. Data from this phase of the investigation are shewn in Table 5 
and Figure 19 (also shewn in Figure 19 are self-ignition delays as a func- 
tion of air flew). 

Using the assunption of non-turbulent flew for the gas stream exiting 
from the holes in the stainless steel gas-entry tubes, an approximate flew 
rate across the plate surface can be calculated. 

For an air-flcw input of A SLPM to the assemblage, the air flew is 
divided between two tubes containing 22 exit holes, each ranging between 
0.064 to 0.069 inches in diameter, with a weighted mean diameter of 0.065". 
Assuming laminar (non-turbulent) flew, then a cylinder of air will be 
propagated at each exit hole with a total volume of (A/22) litres each 
minute corresponding to 2.774A cubic inches per minute. This cylinder will 
have an area of 3.318 x 10~^ square indies (corresponding to a diameter of 
0.065”), and thus a propagated length of 836A inches each minute, or 1.16A 
feet per second. This will be an approximate value for the dynamic air flew 
across the heated plate surface. 

Although the numbers generated are small (2-10 ft/second) compared to 
real air flows expected (ca. 350 ft/sec according to Table 1) in aircraft 
engine nacelles, re-ignition delay data do reflect interference from this 
source, and serve to enphasize the need for data from a dynamic facility. 
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TABLE 5 EFFECTS OF AIR FLOW ACROSS TOE HEATED PLATE SURFACE 

CM TOE MEASURED RE- IGNITION DELAY 


Commercially supplied potassium bicarbonate dry powder. 

Five gram shots used for each re- ignition delay determination. 
Two hundred ml/hour JIM fuel flow to heated plate at 750°C. 


AIR FLOW 

AIR FLOW 

MEASURED 

RE-IGNITION 

DECAYS 

(SLPM) 

VELOCITY 

(ft/sec) 

Set 1 

(seconds)* 

Set 2 


1.5 

1.7 

39 

+ 

8 

(4) 



2.0 

2.3 

34 

+ 

6 

(4) 



3.0 

3.5 

32 

+ 

3 

(4) 



4.0 

4.6 

24 

+ 

5 

(4) 



5.0 

5.8 

22 

+ 

7 

(4) 



6.0 

7.0 

21 

+ 

4 

(3) 

24+3 

(4) 

7.0 

8.1 

25 

+ 

5 

(4) 

22+4 

(4) 

7.5 

8.7 

46 

+ 

17 

(5) 



8.0 

9.3 

65 

+ 

29 

(5) 

43 + 23 

(4) 

8.5 

9.9 

44 

+ 

33 

(3) 



9.0 

10.4 

93 

+ 

40 

(4) 

54 + 25 

(4) 


* Numbers in parentheses are the number of points in each data set, errors 
shown are calculated single standard deviations over the data set taken. 


( 
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Since self-ignition became a severe problem at high air-flow rates (in 
excess of 9 SLPM ) , a high testing tenperature was chosen (750*0, and data 
collection was terminated above 9 SLPM air flow. The data exhibit an ob- 
vious change at ca, 6 SLPM, and in general, 2 or 3 SLPM air flows were 
chosen for all measurements. The re-ignition delay was not particularly 
sensitive to air-flow rates (approximately 4 seconds change per unit SLPM 
change in air flow), a negligible number compared to actual re-ignition de- 
lays (corresponding to less than 10% per SLPM flow-rate, less than the usual 
standard deviations for data sets). This number may be compared to ca. 25 
seconds per SLPM change in oxygen-flow (corresponding to ca. 50% per SLPM 
change) noted above. 


FUEL FLOW STUDIES; Since the combustibility of fuel/oxidant mixtures de- 
pends markedly on the ratio of fuel to oxidant, it was necessary to de- 
termine the effects of fuel-flow rates on the re-ignition delay. This was 
done by varying the punping speed of the fuel delivery assemblage over the 
range 50 to 500 ml/hour of JP-4 fuel, and measuring the re-ignition delay as 
indicated above. Two prirary data sets were collected, one for air- 
oxidation, and one for oxygen inputs to the cavity. These data are shown in 
Figures 20 and 21, respectively. Behavioral patterns are drastically dif- 
ferent in each case, reflecting the overall fuel to oxygen ratios in each 
case. However, it should be noted that, within the experimental errors 
indicated (Figure 20), the magnitude of the fuel floy-rate to the heated 
surface had little effect when combustion took place in air. 



RE* IGNITION DELAY i seconds 1 
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FIGURE 20: DEPENDENCE OF THE RE- IGNITION DELAY FOR A COMMERCIALLY SUPPLIED 

POTASSIUM BICARBONATE DRY POWDER CN JP4 FUEL FLOW RATE IN AN 

ATMOSPHERE OF AIR 


10 g SHOTS OF COMMERCIALLY SUPPLIED POTASSIUM BICARBONATE 
USED FOR EACH DETERMINATION; 5.0 SLPM OF AIR INTO CAVITY? 
POWDER WAS 1.3 g/ml; HEATED PLATE SURFACE AT 700 °C. 


DRY POWDER WERE 
BULK DENSITY OF 
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100 200 300 400 500 

Fuel flow rate | ml/hr ) 


FIGURE 21 : DEPENDENCE OF TOE RE-IGNITION DELAY FOR A COMMERCIALLY SUPPLIED 

POTASSIUM BICARBONATE DRY POWDER ON JP4 FUEL FLOW RATE IN AN 

OXYGEN ATMOSPHERE 


Two data sets are shewn, one for 5 g shots of the pewder, and the other for 
10 g shots of the* commercially supplied potassium bicarboante dry powder: 
in each case, the heated surface was at 500°C? bulk density of the powder 
was 1.3 g/ml; and oxygen flow rate was 2.0 SLPM. 

Note the distinctive change in slope at ca^ 50-100 ml/hour, this corresponds 
approx irrately to the stoichiometric barrier for JP-4 oxidation ( ca. 60 ml 
per hour). Such abrupt changes in slope often denote a change in mechanism 
for a reaction. 
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HYSTERESIS EFFECTS ON TOE RE- IGNITION DELAY: Since the re- ignition process 
probably involves both homogeneous and heterogeneous processes, the cavity 
walls will influence the re-ignition delay. It was observed that as the 
temperature of the cavity walls increased from initial ambient values of the 
laboratory to temperatures in excess of 200°C at the end of the day (after 
8-10 hours of use), the re- ignition delay for a standard system decreased 
markedly (by as much as 40%). This effect was labelled as a "hysteresis" or 
"memory" effect, and must be alleged for in formulating a ranking order 
within a data-set. Data are shown in Table 6. 

TO obviate such changes during an experimental sequence, it was custom- 
ary to turn on the heating for the cavity-plate several hours prior to the 
initiation of any experimental wl.n, and allow the cavity to achieve some 
form of tenperature equilibration prior to taking any measurements. The 
data in Table 9 also serve to illustrate the day-to-day reproducibility ob- 
tainable, and the relative precision achieved, with this experimental as- 
semblage. 

This hysteresis effect also became obtrusive during an experimental run 
involving several different temperatures. If a sequence was initiated with 
the dependent variable temperature altered in ascending order, re-ignition 
delays would exhibit an "expanded" range conpared to those obtained under 
apparently identical conditions but where temperatures were changed in de- 
scending order. Consequently, all experiments delineated in this report 
were obtained with ascending tenperature sequences to provide some degree of 
conparability. 


TABLE 6 


HYSTERESIS EFFECTS CN THE RE- IGNITION DELAY 


Measured re- ignition delays (in seconds) induced by a commercially supplied 
potassium bicarbonate dry chemical agent. All such material has been pas- 
sed through a 325 AS1M Sieve (<45 microns); 5 g sample shots of dry pcwder 
were used for each determination. Cavity volume la circa 5 litres; heated 
surface at 400 # C; 200 ml/hour of JP-4 fuel, with 2.25 SLPM of oxygen into 
the cavity. 


DAY # 1 DAY I 2 DAY # 4* 


early a.m. 

late p.m. 

raorly a.m. 

late p.m. 

early a.m. 

late p.m 

67 

53 

75 

52 

65 

46 

60 

51 

67 

43 

77 

48 

59 

49 

74 

48 

60 

52 

60 

57 

67 

53 

53 

51 

71 

57 

70 

51 

58 

(31)* ** 

63 


72 

55 


51 




54 


48 

63+5(8%) 

53+4(8%) 

71+3(5%:, 

51+4(8%) 

63+9(14%) 

49+3(5%) 

ratio 

1 i 1,2 

ratio 

1 : 1.4 

ratio 

1 : 1.3 


* August 2,3, and 5, respectively, 1976. 

** Rejected in calculating mean and standard deviation. 
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This demonstration of an apparent "hysteresis" effect also emphasizes 
the importance of extinguishing a flame at the earliest possible moment, to 
prevent a general temperature rise in all of the surrounding surfaces, and 
thus severe curtailment of fire control effectiveness by a potential extin- 
guishant. 

STORAGE STABILITY OF CHEMICALS: The acceptability of potential dry chemical 
fire extinguishants '% h respect to delineated storage requirements was 
judged via compliance with the published physical constants for the com- 
pounds concerned, and via thermogravimetric analysis data (TGA methods) ob- 
tained by the investigators for each compound tested. Significant weight 
loss {> 5%) at temperatures below 120 ®C automatically violates current stor- 
age requirements, and similar weight loss at temperatures up to 260 # C would 
violate those requirments delineated for advanced aircraft. Thus, chemicals 
with melting points or sublimation temperatures that would conflict with 
these limits, by producing significant vapor pressures, or undergoing a 
first or second order thermo chemical phase change, would provide un- 
satisfactory for storage. Water loss (effloresence) and water absorption 
{deliquescent and/or hygroscopic properties) will also preclude compliance 
with the storage requirements. Some physical parameters for various poten- 
tial dry chemical fire extinguishants are given in Table 7. 
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TABLE 7 SOME PHYSICAL PARAMETERS OF POTENTIAL FIRE EXTINGUISHANTS* 


SAMPLE DESCRIPTION AND SUPPLIER 

All powders ground, sieved, and passed 

through an ASTM Number 325 mesh (<45 um) 

BUIK* 

DENSITY 

(g/ml) 

M. Pt and/or B. Pt 
( a C) 

KHCO3 

Ansul Co. "Purple-K" 

1.24 

100-200 deconp 

KHOO3 

Ansul Co. "X* (high density) 

1.35 

100-200 deconp 

K 2 COj 

Ansul Co. (commissioned) 

1.22 

891 

NH4H2FO4 

Ansul "Foray" 

1.18 

190 

NH4H2PO4 

PyroChem TOW-156 

1.16 

190 

NaCl 

PyvoChem ’BCD-Orange" 

1.36 

801 

KC2H3N2O3 

I.C.I. "Monnex" 

0.88 

- 

KC1 

PyroChem "Super-K" 

1.42 

776 

SnCl2.2H2C 

1 Reagent Grade 4 - 1% w/w f.a. ** 

1.55 

38 

Na 2 WD 4* 2H 2° Reagent Grade + 1% w/w f.a. 

2.11 


Na2W04 

Reagent Grade 4- 50% w/w f.a. 

2.17 

698 

Tin Oxide 

Reagent Grade 

3.26 

1080 deconp 

Tin Iodide 

Reagent Grade 

1.77 

320 717 

Tin Iodide 

i laboratory Synthes is/1.% w/w f.a. 

2.69 

320 717 

KI 

Reagent Grade 4- 1.5% w/w f.a. 

1.95 

686 

Nal 

Reagent Grade 4-1.5% w/w f.a. 

2.02 

651 hygroscopic 

KD*** 

With 1.0% w/w f.a. 

0.75 

270-320 deconp 

KD 

With 1.5% w/w f.a. 

0.84 

H 

KD 

With 2.0^; w/w f.a. 

0.88 

II 

KD + 9% tin iodide f 1% w/w f.a. 

0.85 

270-320 deconp 

KD + 17% tin iodide + 1% w/w f.a. 

0.96 

H 

*** 

NaD 

With 1% flow agent 

0.85 

240-290 deconp 

NaD + 1% 

tin iodide 4 - 1% f.a. 

0.88 

II 

NaD + 5% 

tin iodide 4- 1% f.a. 

0.89 

It 

NaD + 10% 

tin iodide 4- 1% f.a. 

0.93 

M 

NaD + 20% 

tin iodide 4- 1% f.a. 

1.04 

II 

NaD 4 40% 

tin iodide 4- 1% f.a. 

1.28 

II 

NaD 4- 60% 

tin iodide 4- 1% f.a. 

1.42 

II 

NaD 4- 80% 

tin iodide 4 - 1% f.a. 

1.74 

It 


Probable error in bulk density + 0.03 units. 


"f.a." is used for "silica flow agent" (bulk density <0.0 j g/ml). 
"D" is used for the dawsonite anion, [Al(0H)2C03] . 
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COMPARATIVE TESTING OF POTENTIAL EXTINGUISHANTS 

The experimental static testing assemblage described previously was new 
used va determine the relative effectiveness of various chemicals in ex- 
tinguishing a flame, and preventing re-ignition of this flame even though 
JP-4 fuel was still being pumped onto the hot surface. The re-ignition de- 
lay observed can be related to the competitive scavenging reactions induced 
by the extinguishant chemical in controlling flame propagation reactions, 
and is thus a fundamental descriptive parameter of the system from which 
meaningful deductions can be drawn. Although the absolute magnitude of the 
re-ignition delay will depend on the experimental parameters already de- 
lineatel above, the relative magnitudes for one chemical compared to another 
will provide us with a true measure of fire control performance. Since we 
are primarily concerned with relative performance of each system tested, we 
need to be able to standardize the performance of our experimental assem- 
blage. We chose to do this by measuring the re-ignition delay for a 
standard compound each day, or at the beginning of any sequence of self- 
consistent me asur orients, whichever occurred sooner. Since potassium 
bicarbonate proved to be one of the most effective commercially available 
dry chemical fire extinguishants (Ansul Corp. "Purple-K®" ) , and we had a 
large supply in one batch, we chose this as one standard. Hcwever, at high 
temperatures, this chemical was very corrosive to the plate surface and 
particularly to the thermocouples welded to the plate. To obviate cor- 
rosion problems we used a second standard, aluminum hydroxide ("Gibbsite") 
supplied by Kaiser Aluminum Corp., again one single large batch was used 
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throughout the 30 month experimental period. Over the 30 month period, the 
mean for any data set taken did not differ from the mean to all sets taken 
by more than ♦ 75%, and the mean for one set in a sequence did not differ 
from the mean to a set of sets taken over the duration of an experimental 
sequence (extending over a time period of as much as 10 days) by more than 
+ 10%. See Figure 22 for a limited display of data for a standard conpotj'id 
{ "Purple-K®") taken over several months. 

CHOICE OF POTENTIAL SYSTEMS: In choosing which systems to test, several 

criteria were used. Firstly, all current commercially supplied materials 
were examined directly; obviously, existing technology should be utilized 
where possible to minimize economic factors. Secondly, fundamental chemical 
knowledge allows us to predict that certain compounds will be effective fire 
control agents under certain prevailing circumstances. Thirdly, intuitive 
concepts of fire control would indicate that other chemicals might suc- 
cessfully provide initial extinguishment ( "knock-^cwn" ) and/or long term 
control of flammable situations. Since many compounds have already been 
tested by other investigators, only those chemicals thought to be more ef- 
fective than the most effective commercial chemicals were selected for 
further testing in the static assemblage (a screening process prior to 
dynamic testing). 

In reviewing factors that are thought to provide effective fire control 
the following points are worth delineating at this time: 

1. Chemicals used to control pre- ignition ("anti-knock") in internal 



PERIOD OF SEVERAL MONTHS. 


The points are mean values for a data set containing the indicated number of 
points (number appended at top or bottom of error bar). Error bars are sin- 
gle standard deviations for the data sets. Two (or more) points for any one 
day show means for multiple data sets during that day. 


I 
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combustion engines include lead, tin, manganese, and iron, in the form of 
lead alkyls (tetra-ethyl lead), tin alkyls (tetra-t-butyl tin), cyclo- 
pentad iene-manganese tricarbonyl ("cymantrene"), and bis-di-cyclo- 
pentadiene-iron (ferrocene). Further, tetra-t-butyl tin is used < 3 in 
anti-oxidant in plastics and fibres. One seeming characterastic displayed 
herein is the multiple valency available to each metal, and this has been 
mentioned in the literature before by several investigators. 

2. The solid chemical should provide a prima-facie display of fire con- 
trol, best exemplified by the thermal decomposition of carbonates and 
oxalates to provide a CO 2 atmosphere locally and thus to blanket the flame 
physically in an inert atmosphere. This factor has dominated previous ap- 
proaches to fire control, and the majority of commercial systems are based 
on either carbonates or bi carbonates. 

3. Intuitive concepts also indicate that the solid chemical has to be 
volatile enough to penetrate into the gas phase, and thus alkali metal 
cations and some aluminum salts are more likely to be useful than alkaline 
ea*. th cations. Equally, standard concepts of gas phase reaction mechanisms 
would indicate that any radical or ioii scavenger should interfere with the 
chain propagation processes that characterize flames and explosions and 
should provide a measure of fire control. In particular, halogens and 
halogen derivatives are well known radical-scavengers, and should form an 
important part in the testing role and assessment process, with particular 
emphasis on iodine and the iodides. For these latter compounds, a strongly 
ionic bond or a weak co-valent bond is mandated, to allow scavenging by the 
halogen entity itself to occur. 
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4. For obvious reasons, the salt should possess minimum toxicity; 
although for remote usage in an engine nacelle this is not a property that 
is particularly important at the time of use, the fire extinguishant system 
still has to be loaded and installed, and there may be a clean-up operation 
on successfully canbatting the fire. Thus, cations such as mercury and lead 
should be avoided, and some anions such as cyanide and arsenate are of 
doubtful efficacy in this respect, 

5. Economics will play some part in the overall choice, in that large 
quantities of the final material will be needed for all uses; thus, chem- 
icals that require many steps to synthesize, or contain large quantities of 
rare materials, or which require experimental syntheses involving processes 
that are relatively intractable to bulk production, are not considered prime 
candidates for the major component in a dry chemical system. 

6. On finally assessing the utility of various chemicals, or mixtures 
of chemicals, attention must be re-directed to the storage requirements de- 
lineated in Table 1, and other ancillary requirements delineated in standard 
military specification. These are re-stated here for classification: 

6.1 The material should be stable to tenperatures up to 260 °C for advanced 
aircraft use, corresponding to < 5% loss in weight at this tenperature (cur- 
rent vehicles dictate 120°C for maximum storage tenperatures ) . A less 
stringent requirement is corresponding stability down to -55°C for storage 
purposes. 

6.2 The material should exhibit no water absorption properties, or cor- 
responding weight losses by efflorescence. 
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6,3 The material should be effective at controlling fires initiated by hot 
surfaces at temperatures up to 815 # C, and it is expected that a 300 seconds 
delay or better can be produced by a candidate dry chemical powder applied 
to a JP-4 fuel fire initiated on an 800°C surface. 

Using these criteria, some potential candidate systems would include 
alkali metal carbonates and bicarbonates, alkali metal halides, tin salts 
(particularly tin carbonate), aluminum salts, various boron derivatives, and 
canmercially available materials. These choices are limited by the fol- 
lowing points: 

7 . Tin carbonates are not stable entities and cannot be isolated 
satisfactorily by current technology. Similarly, aluminum carbonates are 
equally unsatisfactory. To overcome these problems, specific syntheses were 
initated to produce a stable complex tin carbonate in the form of an alkali 
metal carbonate-hydrated tin oxide system. This was unsuccessful. A second 
preparation involving a mixed salt of potassium oxalate and hydrated tin 
oxide ("stannic acid") was successful and produced a material with the prob- 
able formula F^Sn (OH ) 4C2O4 . No toxicity data are currently avail- 
able for this compound, but it should be noted that sodium and potassium 
oxalates are systemic poisons. 

8. The availability of a complex sodium-aluminum carbonate as a natur- 
ally occurring mineral, Dawsonite, in the form NaAl(OH)2CC>3, proirpted us 
to examine its utility as a fire control agent, since aluminum carbonate it- 
sel is not an accessible compound. 
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Three sources of Dawsonite are conveniently available: 

8.1 The natural mineral, essentially the major component in oil shale, can 
be obtained as a waste product from oil recovery operations. 

8.2 A commercial source of Dawsonite is available from either "antacid" 
manufacturers (such as "Turns®"), or from water treatment plants where 
alumina flocculation processes of industrial and recycled water produces 
this material by precipitation. One such source proved to be the Kaiser 
Aluminum Corp. , who very kindly provided samples of this material. 

8.3 A third source is laboratory synthesis, isolation, and characterization 
of this material by conventional neans, one such preparation being reported 
in the chemical literature as an existing U.S. Patent. Moreover, since it 
is usual for potassium salts to be more effective than corresponding sodium 
salts, a synthetic preparation of potassium dawsonite was also a potentially 
useful route to an effective agent. 

9. Commercially available systems included various carbonate and bicar- 
bonates, of which the best known are based on potassium bicarbonate. Since 
potassium carbonate is hygroscopic, and this limits its usefulness, we com- 
missioned the Ansul Corp. to prepare a potassium carbonate based material 
that would resist water absorption, and this oonpound also was tested. 
Other systems available commercially included: 

9.1 A mixture of potassium bicarbonate and urea as a condensed (one water 
molecule eliminated per pair of molecules) solid, marketed by I.C.I. Ltd., 
arri trade-named "Monnex®". This material is essentially a carbamate com- 
pound. 
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9.2 Various phosphate derivatives from many companies are currently being 
used, one such being "Phos-Chek®" from Monsanto, used for forest fire con- 
trol, and based on (NH^HPC^. Phosphates based on NH4H2PO4 are 
sold by other conpanies for domestic and automobile fire control, such as 
the Ansul Corp. "Foray®". 

9.3 Currently, I.C.I. Ltd, holds a patent for the use of "cryolite", 
K3AIF6, as a potential dry chemical system for fire control, and this 
compound was also included in the list of potential agents. 

9.4 Forest fire control has, in the past, used borax (sodium borate in var- 
ious hydrated forms), and although it is not as effective as the phosphates 
and bicarbonates, the oxide (B2O3) and acid (H3BO3) are worth 
investigating further as potential agents. Similar in chemical properties 
to borax are the tungstates, WO4*, and the sodium salts in hydrated 
and non-hydrated forms could be potential control agents, since tungsten ex- 
hibits one of the widest range of valence states of any element (as does 
uranium, but other factors rule out use of this metal). 

9.5 One final chemical is worth mentioning, carbon tetra-iodide, since car- 
bon tetrachloride was one of the first agents to be used for fire control. 
Moreover, CI4 is a solid at room temperature, a potential iodine source in 
the vapor phase (since C-I bonds are weaker than C-Cl bonds), and iodine is 
recognized as being the best radical scavenger among the halogens. 

9.6 Since some of the chemicals seemed to be easily dislodged from the 
heated plate surface by the fuel jet momentum, it was proposed that some 
form of "stidcy" additive be added to assist the particles in adhering to 
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the plate. Since boron compounds tend to form glasses when melted, we de- 
cided to test one such sanple (potassium dawsonite) that contains 10% by 
weight of boron(III) oxide. 

COMPARATIVE TESTING OF SINGLE CHEMICALS AT 675-900*0: Using the experi- 
mental method already described, re-ignition delay data for various single 
chemicals and commercially supplied extinguishants were obtained at various 
tenperatures in the range 700-900®C for air oxidation, and for various 
quantities of powder varying between 5 g and 20 g per sanple determination. 
These data are shown in Table 8. It is pertinent at this point to mention 
that tin(II) salts are prone to oxidation by air and/or moisture and that 
commercially supplied tin(II) salts contained up to 60% tin(IV) salts. 
Thus, we refer in general to Snl x , for example, as being tin iodide (and 
vice-versa), purchased nominally as the tin(II) salt from commercial sour- 
ces. Since some of the chemicals tested did not produce significant delays 
even at 700°C, and virtually none at higher tenperatures, an additional nine 
compounds were tested at 700°C only. Although eight of these additional 
nine have indifferent performances with respect to fire control capabili- 
ties, the exception is the specially prepared (by Ansul Corp. ) K2CO3 
powder, which is deemed slightly superior to the KHCO3 based material 
already marketed by this Corporation. These data are shown in Tumble 9 

It became apparent that data obtained from 10 g samples provided suf- 
ficient differentiation between materials (re-ignition delays ranging from 
> 900 seconds down to less than 10 seconds), and yet provided a small enough 
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TABLE 8 RE-IGNITION DELAY DATA AS A FUNCTION OF TEMPERATURE AND SHOT-MASS 
FOR VARIOUS P0TB7TIAL SING!,; CHEMICAL DRY POWDER EXTINGUISHAWIS; 
TESTING IN AIR-OOMBUSTION OVER TOE RANGE 700-900»C. 


1. All re- ignition delays are given in seconds. 

2. 200 ml/hour JP-4 fuel flow and 2 SLPM-air into cavity. 

3. All dry powders were ball-milled and sieved to pass an ASTM-325 Mesh. 

4. All dty powders contain 1% w/w flow agent to prevent caking and 
moisture uptake. 

5. All chemicals are reagent grade naterials unless stated. 

6. KHOO 3 and K 2 OO 3 are commercially supplied extinguishants 
(Ansul Corporation). 

7. Na and K dawsonites were synthesized by the authors, the dawsonite 
anion is [A1(0H)2C03)*\ 

8. Note that a delay of approximately 4-5 seconds is really equivalent to 
a 2ero delay, since this time is needed for the fuel to "wash" through 
to the heated surface and/or for the fuel to reach ignition 
temperatures due to heat capacity effects from the dry pcwder. 

9. Data are given in the form "Mean Re-ignition Delay in Seconds + 
Standard Deviation (Number of Points in Data Set)" 

10. Tin iodide is referred to as Snl x . 

TABLE 8A 


TEMP POTASSIUM DAW50NITE KD ANSUL ODRP. "Purple-K" KHCO3 


(°C) 

5 g 

10 g 

20 g 

5 g 

10 g 

20 g 

675 

193+38(10) 

252+91(5) 

>600(5) 




700 

73+11(1.0) 

153+15(15) 

350+50(10) 

30+12(25) 

69+20(40) 

204+80(30) 

725 

34+6(10) 

98+38(15) 

203+25(10) 




750 

31+10(10) 

81+18(15) 

113+11(5) 

27+5(10) 

50+8(10) 

106+45(5) 

775 

21+4(5) 

30+3(5) 

82+8(5) 




800 

12+2(5) 

30+6(15) 

38+4(5) 

29+7(10) 

38+8(10) 

102+50(10) 

825 

10+1(5) 

18+2(5) 

32+3(5) 




850 


19+3(5) 



18+3(5) 


900 

6+3(10) 

10+4(15) 

13+3(20) 

2+1(5) 

7+4(15) 

13+3(10) 
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TABU! 8B 


TEMP 

I.C.I. 

"Monnex" KHCOj-Urea 

PyroChem "BCD - 

NaCl" 

cc> 

5 g 

10 g 

20 g 

5 9 

10 g 

20 g 

700 

30+3(5) 

55+30(20) 

61+12(10) 

9+3(10) 

33+15(5) 

27+2(5) 

750 

18+5(5) 

27+6(5) 

63+14(5) 

5+2(5) 

9+2 ( 5 ) 

11+2(5) 

800 

5+2(5) 

9+2(5) 

20+3(5) 

5+2(5) 

8+3(5) 

10+3(5) 

900 

4+2(5) 

7+2(5) 

13+3(5) 

4+2(5) 

5+2(5) 

5+2(5) 


TABLE 8 C 


TEMP 

(°C) 

Tin 
5 g 

Iodide Sn] 
10 g 

! x * NaD 

20 g 10 g 

Al(OH)3 
10 g 

Nal 
10 g 

KI 

10 g 

700 

200+80(15) 

380+80(30) 

296+50(5) 

100+30(30) 

600+60(5) 

>900 

725 


244+40(10) 



725+75(5) 

280+30(5) 

750 

102+50(20) 

102+40(15) 

170+50(15) 

82+20(30) 

262+95(5) 


775 

58+3(5) ' 

58+6(15) 



195+50(5) 


800 

8+2(5) 

19+2(10) 

32+3(5) 29+5(15) 

18+6(30) 

90+25(5) 

16+6(5) 

850 


3+2(5) 

28+3(5) 


16+10(5) 

10+5(5) 

900 


2+2(5) 

8+6(10) 6+3(15) 

3+2(15) 

3+2(5) 

2+2(5) 


* Tin (II) iodide is very unstable to air or moisture, and commercially 
supplied materials contained varying proportions of tin(IV) iodide. The 
majority of tin iodide, supplied nominally as tin(II), iodide appeared to 
contain approxinateiy 50-60% tin (IV) iodide. 


i 


t 
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TABLE 9 RE-IGNITION DELAY DATA FOR VARIOUS SINGLE COMPOUND POTENTIAL 
DRY CHEMICAL EXTINGUISHANTD AT 700*C ( AIR-OOMBOSTION ) 


RANKING 

ORDER* 

COMPOUND 

5 g 

10 g 

20 g 

1 

Ansul Corporation K2CO3 

65+1.1 

150+80 

300+55 

2 

Pyro-Chem Corp. "Super-K" (KCl) 


33+4 

26+5 

3 

SnCl x »2H20 

7+2 

26+3 

81+8 

4 

Na2W04*2H20 

14+2 

17+2 

22+3 

5 

SnO x *nH20 


15+5 


6 

Cryolite (K 3 A1F 6 ) 

8+2 

14+5 


7 

Ansul Corp. "Foray" (NH4H2PO4) 

5+2 

12+2 

38+14 

8 

Pyro-Chem TUW-156 (NH4H2PO4) 

5+2 

8+3 

13+2 

9 

Na2W04 (dehydrated) 


8+2 


10 

Carbon tetra-iodide 

zero 




* Arranged in decreasing effectiveness based on data for 10 g shots. 

All samples were ball-milled, passed through an ASTM-325 sieve (<45 
microns), and mixed with 1% w/w of flow agent to prevent caking and 
moisture uptake. 

Errors are single standard deviations for a minimum of 5 data points. 
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sample to allow reasonably prolonged testing sequences for node rate 
quantities of powder. This was especially iirportant for some materials that 
were quite "expensive" either in actual cost s, or in time to synthesize and 
prepare. Accordingly, we standardize our next phase of testing to this 
amount, 10 g, and recorded data for an additional 5 compounds at various 
temperatures. These data are shown in Table 10. 

Tb provide a self-consistent listing of relative efficiencies in con- 
trolling JP-4 fuel fires initiated by hot surface ignition, we have re- 
tabulated all compounds examined (data from Tables 8, 9, and 10) in a 
rank-order determined by their re-igntion delay at 700 °C for 10 g sample de- 
terminations. This reference temperature was chosen merely because the 
majority of compounds were tested at this value. It was necessary to es- 
timate re-ignition delays at 700°C for 5 compounds, this was done by using a 
reaction kinetics Arrhenius-style plot (see next section belcw). These data 
are presented in Table 11. It is clear from these data that iodides are, as 
expected, powerful chemical extinguishants at lew tenperatures, but that 
their efficiencies fall rapidly as the temperature rises. Again, as ex- 
pected, the stabilized (by complexing as a double-salt) carbonates provided 
better performance than simple carbonates ( cf . both dawsonites with respect 
to potassium carbonate and bicarbonate), indicating perhaps a form of 
"shielded" or "hindered" carbon dioxide release due to the increased thermal 
stability induced by double salt formation. This is further exemplified 
when data taken at 900 °C is examined, where the dawsonites can be seen to be 
virtually the only chemicals providing any (albeit, very limited) protection 
at these elevated tenperatures. 
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TAB LE 10 RE- IGNITION DELAY DATA FOR VARIOUS SINGLE COMPOUND POTENTIAL DRY 

CHEMICAL EXTINGU I SHAItfTS FOR JP-4 FUEL IN AIR OXIDATION STUDIES AT 

— WWW 

VARIOUS TEMPERATURES 



750°C 

800 °C 

900 °C 


Al^O-j "alumina" 

28 + 12 

7 ± 

3 

zero 


AlOOH "Boehmi te " 

48 + 35 

5 + 

2 

zero 


B 2°3 

5 + 3 

3 ± 

2 

2 + 1 


K-Dawsonite + 10% B„0-> 

2 3 

62 + 28 

18 + 

5 

6 + 2 


H 3 B° 3 

<10>* 






10 g shots Cor each determination, 200 ml/hr JP4 fuel, 2 SLPM air. 

* 


Single reading only 





TABLE 11 RE-IGNITION DELAY DATA FOR POTENTIAL DRY CHEMICAL FIRE 

EXTINGUISHANTS RANKED ACCORDING TO THEIR PERFORMANCE AT 700 °C* 




700 °C 

750°C 

800 °C 

900 °C 

1 

KI 

>900(1) 

100+30 

16+6 

zero( 

2 

Nal 

600+60 

262+95 

90+25 

zero 

3 

Snl x 

380+80 

102+40 

1.9+2 

zero 

4 

NaD(3) 

296+50 

170+50 

29+5 

6+3 

5 

KD 

153+15 

81+18 

30+6 

10+4 

6 

K 2 OO 3 (Ansul Corporation) 

150+80 




7 

KD + 10% w/w B 2 O 3 

<140>(4) 

62+28 

18+5 

6+2 

8 

Al (OH) 3 

100+30 

82+20 

18+6 

zero 

9 

KHCO 3 (Ansul Corp. "Purple-K") 

69+20 

50+8 

38+8 

7+4 

10 

KH 003 /urea (ICI "Monnex®" ) 

55+30 

27+6 

9+2 

7+2 

11 

AlOOH ("Boehmite") 

<55> 

48+35 

5+2 

zero 

12 

AI 2 O 3 ("alumina") 

<55> 

28+12 

7+3 

zero 

13 

KC1 (PyroChem Corporation) 

33+4 




.14 

NaCl (PyroChem) 

33+4 




15 

SnCl x «2H 2 0 

26+3 




16 

Na 2 W 04 * 2 H 20 

17+2 




17 

SnO x • 11 H 2 O 

15+5 




18 

K 3 AIF 6 ("cryolite") 

14+5 




19 

H 3 BO 3 

<14> 

110] (5) 



20 

NH 4 H 2 PO 4 (Ansul Corporation) 

12+2 




21 

NH 4 H 2 PO 4 (PyroChem Corporation) 

l 8+3 




22 

Na 2 WC >4 

8+2 




23 

B203 

< 8 > 

5+3 

3+2 

zero 

24 

Cl 4 

zero 





(1) Re-ignition delays in seconds, standard deviations shown as errors. 

(2) Less than 2-3 seconds delay is considered to be zero inhibition. 

(3) Anion D", dawsonite, is [Al(OH) 2 O 03 ]“. 

(4) <x> indicates estimated re-ignition delay via Arrhenius extrapolation. 

(5) Only one measurement taken. 

* All data obtained for 10 g sanple determinations, air oxidation, 200 
ml/hour JP-4 fuel flow, 2.0 SLPM air input to cavity. 


TEMPERATURE DEPENDENCE OF RE-IGNITION DELAY DATA: As indicated previously, 


the re-ignition delay is a kinetic parameter describing the competition be- 
tween extinguishant scavenging action and chain propagation reactions that 
typify the flame and/or explosion. It is not surprising, therefore, that 
re-ignition delay data as a function of temperature can be correlated by an 
Arrhenius- type function involving a linear plot of the logarithm of the re- 
ignition delay against reciprocal absolute temperature. Two such plots are 
shown in Figure 23 for potassium bicarbonate and potassium dawsonite. The 
slopes of each line vary widely, and reflect to some extent the thermal en- 
ergy needed to decompose the material, and in kinetic terms, are related to 
a so-called "activation energy". It is also pertinent here to note that the 
effectiveness of a dry chemical as a fire control agent falls to zero above 
the melting point. For example, KHOO3 has a melting point of 891°C, at 
900 °C there is virtually no re- ignition delay observed. 

COMPARATIV E TESTING IN THE RANGE 400 o -600°C: To extend the range of 
measurements of re- ignition delays belcw 700°C, it was necessary to overcome 
the self- ignition difficulties. This was accomplished fcy enriching the oxy- 
gen content of the combustion cavity above the normal partial pressure of 
0.21 available from air alone. Using pure oxygen introduced through the gas 
inlet pipes shown in Figure 3 enabled us to extend the self- ignition tem- 
perature down to 370°C, allowing data collection in the range 400-600°C. 



>> 

jj 

"5 

T3 



Reciprocal temperature x 10 


FIGURE 23 ARRHENIUS-STYLE PLOT OF THE TEMPERATURE DEPENDENCE FOR TWO 
REPRESENTATIVE COMPOUND S. 

Line A: Synthetic potassium dawsonite, KA 1 (OH )2003 

Line B: Commercially supplied Ansul Corp. "Purple-K®" (KHCO 3 ) 


( 
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Above approximately 600°C, re-ignition delays became immeasurably short and 
prevented differentiation between compounds. These low temperatures serve 
to emphasize thernal activation/degradation effects. For example , these 
temperatures are now low enough that it is possible to envisage a situation 
where the extinguishant has little or no effect until a minimum threshold 
temperature is reached and exceeded. Up to this tenperature the ef- 
fectiveness of the extinguishant will actually increase as the temperature 
increases . However, above a sufficiently high temperature, all compounds 
will exhibit a fundamentally Arrh/c:iius-type behavior. These behavioral pat- 
terns are clearly displayed in the following data taken for combustion in 
oxygen enriched atmospheres at temperatures between 400° and 600°C for nine 
selected compounds; data shown in Table 12. These data are also shewn plot- 
ted in Figures 24, 25, and 26, and illustrate clearly this non-Arrhenius be- 
havior discussed above. This mode of behavior appears prevalent for com- 
pounds whose anion decomposes irreversibly, e.g. carbonates, oxalates, de- 
hydration of hydroxides. These data also illustrate the catastrophic fall 
in efficiency seen for volatile conpounds such as tin iodide, ertphasizing 
the point already made that above the melting point of a cortpound the ef- 
fectiveness falls to zero rapidly. 

For conparison. purposes, we have ranked these 9 conpounds in order of 
their re-ignition delay observed at 400°C, 500*0, and 600°C, in 3 separate 
rank-orderings. These data are presented in Table 13, and indicate the 
problems of ranking a system at only one temperature , since ranking "cross- 
over" can be seen for several compounds listed therein, and most dramatical- 
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TABLE 12 RE- IGNITION DELAY TATA AS A FUNCTION OF TEMPERATURE FOR VARIOUS 
POTENTIAL SINGLE CHEMICAL DRY POWDER EXTINGUISHANTS: TESTING IN 

OXYGEN-ENRICHED ATMOSPHERES IN THE PANGE 400° to 600 °C. 


Mean Re- ignition Delay *> Standard Deviation (# c£ data points) 


COMPOUND 2 ' 3 

4C0°C 

450 °C 

500 °C 

550 °C 

600 °C 

KHCO 3 * 

48+9(37) 

38+7(28) 

31+10(42) 

28+4(16) 

22+5(22) 

sm x 

90+11(8) 

63+7(4) 

34+5(7) 

41+9(7) 

2+1(6) 

K 2 co 3 * 

30+8(20) 

25+8 (H) 

21+4(10) 

14+6(5) 

16+3(5) 

KD 

26+8(5) 

18+5(19) 

18+2(3) 

18+3(4) 

14+2(4) 

K 2 Sn(OH) 4 C 2 O 4 

24+6(6) 

16+4(7) 

19+3(6) 

14+4(5) 


Al(OH ) 3 

19+3(5) 

10+5(4) 

17+6(11) 

9+3(10) 


NaD 

10+7(4) 

8+2(4) 

94+2(7) 

11+2(4) 


k 2 so 4 * 

9+1(3) 


3+1(3) 


zero 

K 3 AIF 6 

3+1(6) 


ca. zero 


zero 


1. All re-ignition delays given in seconds. 

2. All determinations for: 5 gram shot size, 2.25 SLPM oxygen flow rate, 

ai)d 200 rul/hour JP~4 fuel flow rate. 

3. All dry powders were prepared by ball milling and sieving through an 
ASTM-325 Mesh, all contain approximately 0.5-1% W/W S 1 O 2 flow agent to 
prevent caking and moisture absorption. 

4. Snl 2 and K 2 Sn(OH) 4 C 204 were synthesized by the authors. 

5. KHCO 3 , K 2 CO 3 , K 2 SO 4 , are all commercially supplied dry 
chemical fire ext inguishants. 

6 . NaD and KD are sodium and potassium salts of [Al(OH) 2 CQ 3 ] , 

7. Data presented as: "re- ignition delay in seconds + single standard 

deviation (number of points in data set)". 

* Commercially supplied as extinguishants. 



POTENTIAL DRY CHEMICAL FIRE EXTINGU I SHANTS IN AN OXYGEN 
ENRICHED ATMOSPHERE IN TOE TEMPERATURE RANGE 400°- 600 °C 


LINE A 
LINE B 
LINE C 
LINE D 


Tin iodide 

Ansul Corp. "Purple-K®" KHCO 3 
A potass ium-t in complex oxalate 
Sodium dawsonite 
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FIGURE 25 : TEMPERATURE DEPENDENCE OF THE RE-IGNITION DEIAYS FOR SOME 

POTENTIAL DRY CHEMICAL FIRE EXTINGUI SHANTS IN AN OXYGEN 
EN RICHED ATMOSPHERE IN THE TEMPERATURE RANGE 400°- 600 °C 
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FIGURE 26 : TEMPERATURE DEPENDENCE OF THE RE-IGNITION DELAYS FOR SOME 

POTENTIAL DRY CHEMICAL FIRE EXTINGUISHANTS IN AN OXYGEN 
ENRICHED ATMOSPHERE IN THE TEMPERATURE RANGE 400°- 600°C 


f 
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TABLE 13 RELATIVE EFFECTIVENESS Cfr VARIOUS SINGLE CHEMICAL 
DRY POWDER EXTINGUISHES AT 400* to 600 °C 
IN OXYGEN-ENRICHED ATMOSPHERES 



400 °C 

500 °C* 


600 °C* 


1 . 

Snl x 

1* Snl x 

< 1 > 

1. KHCO 3 

( 2 ) 

2 . 

KHOO 3 

2. KHCO 3 

( 2 ) 

2. K 2 00 3 

(3) 

3. 

K 2 CO 3 

3. NaD 

(7) 

3. KD 

(4) 

4. 

KD 

4, K 2 00 3 

(3) 

4. K 2 Sn(OH) 4 C 204 (5) 

5. 

K 2 Sn (OH >40204 

i. K 2 Sn (OH ) 4 C 2 O 4 (5) 

5. NaD 

(7) 

6 . 

Al(OH )3 

6 . KD 

(4) 

6 . Al{OH ) 3 

( 6 ) 

7. 

NaD 

7. Al (OH ) 3 

( 6 ) 

7 • Snl x 

(1) 

8 . 

k 2 so 4 

8 . K 2 S0 4 

( 8 ) 

8 . K 2 SO 4 

( 8 ) 

9. 

K 3 AIF 6 

9. K 3 AIF 6 

(9) 

9. K 3 AIF 6 

(9) 


* Rankings at 400 °C are shown in parentheses after coirpound. 


( 
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ly for tin iodide. This latter compound is most effective at 400°C and 
virtually Ineffective at 600°C, a facet of its behaviour that reflects the 
volatility of the pure substance, and the temperature dependence of its 
vapor pressure. Equally dramatic is the change in ranking seen for NaD be- 
tween 400° and 500°C; apparently the temperature dependence for NaD exhibits 
a maxinum in the curve, and this system is "activated" as the temperature 
rises. However, the rank-ordering at 400° or 500°C are substantially alike, 
and resemble the rank-ordering already presented at 700°C for air combustion 
(Table 11). 

MULTI-QOMPONENT SYSTEMS AS EXTINGUISHANTS ; We have discussed already the 
possibility that flame extinguishment capability ("knock-down") may not be 
compatible with long term time control ("inhibition") of flammable situa- 
tions. Further, an extinguishant that works well at lew fire tenpera- 
tures (400-600°C) may not prove to be effective at higher temperatures 
(600-900®C), a demonstrated fact enphasized by data in Tables 11 and 12, and 
clearly illustrated in Figure 24 for tin iodide. Although B 2 O 3 did not 
provide any enhancement of fire control properties when admixed with potas- 
sium dawsonite at 10% W/W (see Table 12), we believe that the principle of a 
component added specifically to help the dry chemical adhere to the heated 
surface is still a viable one, and will be tested further in the Dynamic 
Assemblage (Section V). Moreover, this concept is more pertinent to real 
situations involving high speed air flews across the hot surface, and rapid 
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removal of the extinguishant powder from contact with the ignition source. 
For these reasons, we believe that a multi-component system will become 
essential for effective fire control in various situations and scenarios. 

We have shown that sodium and potassium dawsonites have intrinsic fire 
control capabilities superior to other systems, commercial or syrthetic. 
This can be attributed partly to the chemical structure which allays better 
control over the thermal activation of the extinguishant powder. Equally, 
it is quite clear that iodides exeri:, predictably so, considerable influence 
over flammable situations, providing the best long term control so far ob- 
served. It seemed prudent, therefore, to initially test mixtures of various 
iodides with these dawsonites, and other carrying agents or matrices such as 
aluminum hydroxide. Details of these iodide doping experiments are given in 
the next section. 

t 

' \ 


USE OF IODIDES AS ADDITIVES : Data for both oxygen-enriched atmospheres and 
air contoustion (Tables 8 to 13) clearly indicate the superiority of iodide 
salts as long-term fire control agents. This is an effect that can be 
predicted a priori from two properties of these confounds. Firstly, iodides 
are volatile (typically, tin iodide has a melting point of 320® and a boil- 
ing point of 717°C listed for Sn(II) iodide) and their vapor pressures at 
the temperatures used for testing are significant, thus producing appre- 
ciable vapour phase concentrations of the molecular species. Secondly, 
iodine is known to be an excellent gas phase, and liquid phase, scavenger of 
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free radicals, ions, and molecular fragments. Moreover, most metal- iodine 
bonds are weak, e.g. Sn-I at ca. 40 kcal/mole; thus, allowing free iodine 
(atoms and/or ions) to be released into the gas phase and contribute signi- 
ficantly to homogeneous scavenging and radical-recombination catalysis 
reactions involving flame precursors. However, because these iodides are 
volatile, their performance at high tenperatures is poor, since they are 
volatilized fast and thus lost from the plate surface and/or system too 
quickly to provide long-term control. Typically, Snl x has virtually no 
fire control capability at temperatures in excess of 750 °C. 

It was not immediately obvious whether the metal ion itself produced 
beneficial effects, since it has long been kncwn that if a sodium salt has 
good fire control properties, the potassium analog would be superior; for 
example, sodium bicarbonate and potassium bicarbonate, sodium chloride and 
potassium chloride, sodium and potassium iodides. Further, some zero-valent 
metals are themselves inherently good fire control agents, eg. lead as an 
anti-knock agent, and tin has been postulated as a fire control system (most 
elements exhibiting multiple valences appear to have fire control properties 
to some degree). Also, the other halogens are kncwn to be gas phase 
scavengers too, and this aspect needed further investigation. Accordingly, 
tin chloride was tested relative to tin iodide, and found to be vastly 
inferior; similarly KC1 was found to be inferior to KI, and NaCl far 
inferior to Nal, in performance. Moreover, tin oxide exhibited poor fire 
control performance when tested alone, and did not enhance the properties of 
Al(OH )3 when mixed at 10% w/w ratios, nor did it enhance the effectiveness 
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of potassium dawsonite when added at 20 % by weight; thus precluding a 
significant contribution from the metal ions in each case. The inescapable 
conclusion is that the iodine is providing the main contribution to long- 
term fire control ability. It was therefore decided that mixtures of var- 
ious iodides sliould be tested with other systems to try and reduce the 
volatility via a "blanket" effect, and thus prolong the fire control ability 
(re- ignition delay) at higher temperatures. 

Tin Iodid e and Potassium Sulphate Mixtures: Data in Table 12 indicaced the 

poor performance from K 2 SO 4 alone, and mixtures of SnJ x in K 2 SO 4 

produced a direct additive increase in performance as the concentration of 
Snl x in the K 2 SO 4 was increased. These data arc sh. > in Figure 27 

for oxygen enriched atmospheres in the temperature range 400 - 500 °C. 

One interpretation of these data merely indicates that the K 2 SO 4 is 

"diluting" the effect of Snl x , as no increase in performance is seen from 
either system, and the dependence of the re- ignition delay on a molar ratio 
is akin to Raoult's Law for vapour pressures of regular solutions, ex- 
hibiting no maximum or minimum corresponding to an enhancement or inter- 
action of properties by the other caponent. 

Iodide Additives to Aluminum Hydroxide: A sequence of mixtures containing 

varying amounts by weight of both Snl x in Al(OH) 3 , and KJ in Al(OH) 3 , 
was tested for air-oxidation of JP4 fuel in the range 750°-800°C. These 
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>001 KjS0 4 601 401 201 01 W<* 

01 Snl* 201 601 801 >001 v/«* 


FIGURE 27: RE-IGNITION DELAY LATA FOR MIXTURES OF TIN IODIDE IN POTASSIUM 


SULPHATE AS A FUNCTION OF WEIGHT PER-CENT COMPOSITION 
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data are shown in Table 14, and appear to indicate that, unlike for 
K 2 SO 4 above, each system is improved by the other corrponent, since 
re-ignition delay data as a function of composition exhibit a maximum in 
each case. This mutual enhancement is referred to herein as a "syn- 
ergistic '* effect, since the properties of the mixture are better than the 
direct sum of individual contributions from the components. 

Iodide Additives to Dawson it es: Since aluminum hydroxide is not a 
particularly effective fire control agent in its own right, we decided to 
see whether this synergistic effect was demonstrated for two of the better 
systems tested, the sodium and potassium dawsonites. Accordingly, mixtures 
of iodide at varying proportions by weight with each of the two dawsonites, 
were tested individually. These data are shown in Tables 15, 16, and 17. 
To shew that the identity of the halide scavenger is of paramount import- 
ance, data for a 50% w/w mixture of KCl in potassium dawsonite are also 
shown in Table 17 for direct comparison with KD/KI mixtures. It is obvious 
from these data that the synergistic effect is very strong indeed, ex- 
emplified by the data at 800°C for NaD/SnI x mixtures, and clearly il- 
lustrated in Figures 28, 29, and 30. 

Although preliminary experiments were conducted with Nal, and Nal as an 
additive, these were later abandoned in favor of KI additives even though 
the re-ignition delays produced were exceptionally favorable. Sodium iodide 
is known to be strongly hygroscopic, obviating any sensible storage re- 
quirements immediately, and was not considered further as either a single 
component or an additive. 



TABLE 14 


RE -IGNITION DELAY DATA FOR MIXTURES OF ALUMINUM HYDROXIDE 
WITH TIN IODIDE AND WITH POTASSIUM IODIDE 


COMPOSITION 

I B U L K 

Al(OH)3 

+ Snl x 

1 

Al(OH) 3 

+ KI 

OF MIXTURE 

| DENSITY 



l 




| (giT/ntl) 
1 

750°C 

800°C 

1 

1 

750°C 

800 °C 

100% Al(OH)3 

1 

I 1.58 

82+20 

18+6 

l 

I 

82+20 

18+6 

1% w/w iodide 

| 1.33 

60+10 

15+2 

1 

103+12 

15+3 

5% w/w iodide 

I 1.45 

112+25 

30+9 


80+15 

40+4 

10% w/w iodide 

I 1.49 

157+40 

35+4 

l 

233+60 

70+7 

20% w/w iodide 

1 1.60 

154+40 

45+5 

1 

442+140 

96+9 

100% iodide 

| 3.26 

102+40 

19+2 

l 

100+30 

16+6 


1 



1 
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TABLE 15 RE-IGNITION DELAY DATA FOR SODIUM DAWSONITE/TIN IODIDE 

MIXTURES IN THE TEMPERATURE RANGE 700-900 °C 


COMPOSITION 
OF MIXTURE 

BULK 

DENSITY 

(g/ml) 

NaD + Snl x Mixtures 
Re-ignition Delay Data in Seconds 
700 °C 750 °C 800 °C 900 °C 

100% NaD 

0.87 

296+50 

170+50 

29+5 

6+3 

1% 

iodide 

0.88 


238+25 

71+7 

14+2 

5% 

iodide 

0.89 


489+50 

157+16 

19+2 

10% 

iodide 

0.93 

>900 

600+60 

201+30 

27+2 

20% 

iodide 

1.04 


600+60 

320+65 

35+5 

40% 

iodide 




374+45 

32+4 

60% 

iodide 




510+90 

52+5 

80% 

iodide 




20+4 


100% 

iodide 

2.69 

380+80 

102+40* 

19+2 

zero 

100% 

KI 


>900 

100+30 

16+6 

zero 


* Snl x at 725 °C 244+40 seconds. 
Snl x at 775°C 58+6 seconds. 
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{ 

TABLE 3.6 RE- 1 OPTION DELAY DATA FOR POTASSIUM DAWSON ITE/TIN IODIDE 

MIXTURES IN THE TEMPERATURE RANGE 700-900 °C 


COMPOSITION 
OF MIXTURE 

BUI* 

DENSITY 

(g/ml) 

Re 

700 °C 

KD + Snl x Mixtures 
-ignition Delay Data in Seconds 

750°C 800 °C 850°C 900 °C 

100% KD 

0.87 

153+15 

81+18 

30+6 

19+3 

10+4 

1% iodide 

0,90 


193+35 

89+15 


20+2 

5% iodide 

0.88 


412+30 

162+15 


35+7 

9% iodide 

0.88 

>900 

520+52 

113+20 

58+6 

51+3 

17% iodide 

0.96 


>900 

143+14 

105+11 

63+5 

100% iodide 

2.69 

38 0+80 

102+40* 

19+2 


zero 


* 


Snl x at 725°C has 
Snl x at 775°C has 


a re-ignition delay of 
a re-ignition delay of 


244+40 seconds. 
58+3 seconds. 


( 
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TABLE 17 RE-IGNITION DELAY DATA FOR POTASSIUM CAWSONITE/POTASSI UM IODIDE 

MIXTURES IN THE TEMPERATURE RANGE 700-900 0 


COMPOSITION 
OF MIXTURE 

BULK 

DENSITY 

(g/ml) 

KD + KI Mixtures 

Re- ignition Delay Data in Seconds 
700 °C 750 °C 800 °C 850°C 900°C 

100% KD 

0.87 

153+15 

81+18 

30+6 

19+3 

10+4 

1% iodide 

1.20 


188+40 

24+2 


10+2 

5% iodide 

1.21 


517+130 

57+9 


3.4+2 

9% iodide 

1.30 

>900 

548+70 

107+13 

27+3 

18+6 

16% iodide 

1.32 






20% iodide 



776+30 

155+14 


17+2 

50% iodide 





160+30 


100% iodide 


>900* 

100+30 

16 +5 

10+4 

zero 

KD/KC1 50/50 

1.28 


28+9 

19+3 


11+4 


* KI at 725 °C has a re-ignition delay of 280+30 seconds. 






% Composition of matrix 


FIGURE 28 


TOE "SYNERGISTIC" EFFECT SEEN IN FIRE CONTROL PROPERTIES FOR 
SODIUM DAWSONITE DOPED WITH TIN IODIDE AT VARIOUS TEMPERATURES 




Re-ignition delay (seconds) 



'/• Composition of matrix 


FIGURE 29 : THE "SYNERGISTIC" EFFECT SEEN IN FIRE CONTROL PROPERTIES FOR 

POTASSIUM DAWSON ITE DOPED WITH TIN IODIDE 


AT VARIOUS TEMPERATURES 
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100 80 60 40 20 0 % Matrix 

% Composition of matrix 


FIGURE 30 : THE "SYNERGISTIC" EFFECT SEEN IN FIRE CONTROL PROPERTIES FOR 

POTASSIUM DAWSONITE DOPED WITH POTASSIUM IODIDE 


AT VARIOUS TEMPERATURES 
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Since synergism implies non-additivity of properties in the normal man- 
ner, indicating that some interaction has occurred, it is necessary to ex- 
plore the system more thoroughly in an attenpt to elucidate a possible 
mechanism; this will be described in the next Section ("A New Concept in 
Fire Control"). 


A NEW CONCEPT IN FIRE CXXJTROL: The synergistic effects seen in the data for 
iodide additives to dawsonites and aluminum hydroxide clearly indicates that 
some form of interaction has occurred between the matrix and the additive. 
This synergism displayed in Figures 28-20 is similar in concept to the non- 
ideal behavior of vapor pressure i correlated by Raoult's Law deviation ef- 
fects. It is postulated that the volatility of the additive has been sup- 
pressed in some way by the matrix carrier, thus slewing its release from the 
carrier and producing long term time control of the flammable environment. 
It was thought initially that some form of inorganic crystal clathrate or 
inclusion complex had been formed in-situ on the plate surface, an effect 
akin to the micro-encapsulation process utilized in pharmacological sciences 
to provide time controlled release of drugs. In this case, formation of a 
crystal inclusion complex that is slcwly broken down by thermal effects re- 
leasing the fire control additive slcwly as the crystal structure is de- 
graded. If this hypothesis were true, then heating the matrix plus additive 
solids together prior to use would produce the micro-encapsulation effect 
sought ahead of time, and thus would produce an effective long term control 
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agent for the fire. This hypothesis was tested using the same compounds 
used originally to produce the physical mixtures, accordingly, sodium and 
potassium dawsonites were ground (100% pass #325 AS1M sieve) and mixed 
varying proportions of tin iodide (also 1001 pe*s #325), heated together at 
ca. 300 °C in the presence of cau 400 psig OO 2 gas (to prevent 
decomposition of the dawsonites) for 12-24 hours. This process we refer to 
as "calcining" or "calcination”. Re- ignition delay data for these calcined 
solids are presented in Tables 18 and 19. Conparison of these data with 
those already presented in Tables 15 and 16 for physical mixtures, shows 
that little or no enhancement of the fire control properties occurs on 
calcining Nad) with tin iodide, but that the high temperature fire control 

0 

properties of KD calcined with tin iodide, but that the high temperature 
fire control properties of KD calcined with tin iodide are significantly 
better than those for physically mixed solids. An effect that is expected 
on the basis of our hypothesis. 

Since NaD does not shew signif icant performance gain on calcination 
with tin iodide, perhaps reflecting the "softer" matrix compared to KD 
(thermo-gravimetric analyses indicate that NaD decomposes at 240-260°C, and 
KD at 290-320°C), we decided to examine calcination effects in KD further, 
together with calcination procedures in Al(CH) 3 , A100H, and AI 2 O 3 
matrices. Data in Table 17 also indicated that KI was a more effective 
additive even than tin iodide, and we have confined this phase of the 
investigation to KI additives alone. Additional re-ignition data for 
various calcined solids are given in Table 20. For comparative purposes, 
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TABLE 18 RE-ICNITION DELAY DftTA FOR CALCINED MIXTURES OF SODIUM DAWSON ITS 

AND TIN IODIDE IN THE TEMPERATURE RANGE 700 *-900 *C 


composition* 

OF CALCINED 
SOLID MIXTURE 

BULK 

DENSITY 

(g/ml) 

CALCINED NaD/SnI x MIXTURES 
Re- ignition Delay Data in Seconds** 

700 °C 750 °C 800 °C 900 °C 

100% NaD 

0.87 

296+50 

170+50 

29+5 

6+3 

1% iodide 

0.89 


154+6(15) 

46+10(15) 

14+3(5) 

5% iodide 

0.88 


259+42(15) 

143+16(15) 

19+4(5) 

10% iodide 

0.89 


450+60(15) 

214+20(15) 

41+15(5) 

20% iodide 

0.94 


400+40(15) 

217+60(15) 

34+6(5) 

100% iodide 

2.69 

380+80 

102+40 

19+2 

2+2 








* By weight. 

** Mean + Standard Dev; ,cion (Number of Data Points). 
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TABLE 19 RE-IGNITION DELAY DATA FOR CALCINED MIXTURES OF POTASSIUM 

DAWSONITE AND TIN IODIDE IN TOE TEMPERATURE RANGE 700°-900°C 


COMPOSITION* BULK CALCINED KD/Snl 2 Mixtures 

OF CALCINED DENSITY Re-ignition Delay Data in Seconds** 


SOLID MIXTURE 

(g/ml) 

700 °C 

750 °C 

800°C 

900 °C 

100% KD 

0.87 

153+15 

81+18 

30+6 

10+4 

1% iodide 



67+9 

36+8 

10+3 

5% iodide 



306+100 

116+25 

37+6 

10% iodide 

1.40 


500+100 

250+40 


20% iodide 

1.26 


550+50 

340+40 

53+7 

100% iodide 

2.69 

380+80 

102+40 

19+2 

2+2 








* By weight. 


Mean and Standard Deviation (Number of Data Points). 




TABLE 20 RE-IGNITION DELAY DATA FOR VARIOUS CALCINED SOLIDS AND PHYSICAL 
MIXTURES OF POTASSIUM DftWSONITE AND ALUMINUM DERIVATIVES 
WITH POTASSIUM IODIDE.* 



Bulk 

Density 

g/ral 

750 °C 

800 °C 

900 °C 

Aluminum Oxide (AI 2 O 3 ) 

1.07 

28+12 

7+3 

zero 

AI 2 O 3 + KI (mixed solids) 

1.14 

>900 

388+31 

14+8 

Al 203 *KI (calcined solid) 

1.18 

>900 

557+92 

50+12 

AlOOH ("Boehmite") 

1.01 

48+25 

5+2 

zero 

AlOOH + KI (mixed solids) 





AlOOH *KI (calcined solid) 

1.08 

1.3 1+7 

47+12 

15+4 

Al(OH ) 3 

1.58 

96+15 

22+10 

3+1 

A 1 ( 0 H )3 + KI (mixed solids) 

1.49 

233+60 

70+7 


A 1 ( 0 H) 3 *KI (calcined solid) 

1.13 

72+3 

47+8 

8+1 

KD 

0.87 

81+18 

30+6 

10+4 

KD + KI 

1.30 

548+70 

107+13 

18+6 

KD*KI 

1.09 

>900 

665_+_44 

50+14 

KI 


100+30 

16+6 

zero 







* 


All mixtures, physical or calcined, contain 10% w/w KI in matrix 
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re-ignition delay data for individual components and for physical mixtures 
of components are also given. To aid in interpreting Table 20, note that we 
use the nomenclature "KD+KI" to denote a physical mixture of the two solid 
components, and "KD*KI" to denote the calcined solid obtained by heating 
both solid components in contact with each other. It should also be noted 
that the dawsonit.es can be synthesized by these high temperature high 
pressure solid phase reactions ("calcination")# and that this forms a new, 
hitherto unreported, method of preparing oawsonites in high yield 
product-clean processes. In general, we form the KD»KI calcined solid by 
calcining the correct stoichiometric quantities of KHCO 3 and A 1 ( 0 H )3 in 
the presence of the requisite weight % of KI in one step. 

Hie data in Table 20 indicate that KI is an extremely effective additive 
when calcined with either AI 2 O 3 or KD, and additional data were col- 
lected for re- ignition delays induced by KD»KI calcined solids containing 
varying proportions of KI. These data are shown in Table 21, and for com- 
parison purposes, the Al^’KI calcined solid with 10% w/w of KI are 
re-presented in the same Table. It is apparent that a 10% iodide salt 
content (ca^ 7% iodine content) is reasonably close to an optimum value, and 
that these two calcined solids (Al 2 C> 3 *KI and KD*KI) form the most 
effective fire control agents tested by us in this static assemblage. 

These data amply support the hypothesis put forward initially that 
calcination inpedes the loss of fire control additive (in this case, iodine, 
f ran a potassium iodide precursor), providing long term control of the flam- 
mable situation by slcwly releasing snail quantities of the fire control 



TABLE 21 RE-IGNITION DELAY DATA FOR IOTASSIUM DAWSONITE CALCINED WITH 


VARIOUS PROPORTIONS OP POTASSIUM IODIDE. 



Bulk 

Density 

g/ml 

750°C 

800 °C 

900 °C 

KD 

0.87 

81+18 

30+6 

10+4 

KD*KI (1% calcined solid) 

1.09 

466+79 

87+9 

26+2 

KD*KI (5% calcined solid) 

1.03 

>900 

332+40 

30+4 

KD*KI (10% calcined solid) 

1,09 

>900 

665+44 

50+14 

KD*KI (20% calcined solid) 

1.36 

>900 

>900 

54+15 

KD'KI (30% calcined solid) 

1.36 

>900 

>900 

54+15 

Al 203 *KI (10% calcined solid) 

1.18 

>900 

557+92 

50+12 

KD*KI (10% calcined solid) 

1.09 

>900 

665+44 

50+14 

KI 


100+30 

16+6 

zero 







* All mixtures, physical or calcined, contain 10% w/w KI in matrix. 
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agent through thermal activation. One can thus envisage the situation where 
the exact properties of an extinguishant can be "tailored" to suit any type 
of flaiwnable situation. In particular, for large conflagrations such as 
forest fires, large concentrations of the fire control agent are needed 
initially to provide good "knock-dwn" capabilities, since rationally, it is 
not expected that this type of fire will re- ignite once extinguished and 
long tern time control is unnecessary. However, for hot surface or elec- 
trically initiated fires in the presence of a continuous fuel source (e.g. 
engine compartment fires for internal combustion engines), re-ignition is 
continuous in. the absence of an extinguishant. Thus, the extinguishant 
should degrade thermally to produce sufficient agent to control the fire, 
but no more, allowing slew consumption of the extinguishant to provide long 
term time control of the flammable environment. It is possible that a 
second additive may be needed to produce good "knock-down" capabilities, or 
that this facet of control can be provided from the matrix carrier itself. 

ON THE NATURE OF TIN IODIDE DOPED SOLIDS: It is pertinent at this point to 
comment briefly on the nature of tin iodide doped solids, especially 
calcined solids. As mentioned above, the commercially supplied tin(II) 
iodide was found (via X-ray diffraction spectrometry crystal analysis) to 
contain large and varying proportions of tin(IV) iodide. Tin (II) iodide is 
particularly sensitive to air oxidation, moisture, and light induced re- 
actions. One point noted early on in the investigation was that the phys- 
ical mixtures of Snl x with any matrix were distinctively colored (pink to 
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deep orange, depending on concentrations of Snl x added). After calcina- 
tion, these solids were virtually colorless. Moreover, thernogravimetric 
analysis of these calcined solids exhibited quite different characteristics 
to the physical mixtures. After extensive investigation (described in Sec- 
tion IV) it was found that the calcined solid no longer contained any tin 
iodide at all, merely an amorphous colorless hydrated tin oxide ("stannic 
acid"), and potassium iodide (also colorless). Indeed, in retrospect, the 
fire control properties of tin iodide doped KD calcined solids mimic 
quantitatively those of KD*KI calcined solid, as they should, since the 
presence of KI (quantitative conversion based on tin iodide concentrations) 
in the calcined solid is now firmly established and quite unambiguous. Thus, 
the use of tin iodide as a dopant was discontinued immediately, and cannot 
be recommended in any way for use as a fire oontrol additive, nor will it be 
considered further. 

ON THE NATURE OF THE CALCINED SOLID: It was initially proposed that the 
calcined solid was some form of inorganic crystal clathrate or inclusion 
complex. However, examination of KD*KI and Al^'KI by thermo- 
gravimetric analysis (TGA) discloses that the properties of the calcined 
solid are additive properties of the conponents, and not a distinctive new 
species. Further, X-ray diffraction crystal analysis shews quite un- 
ambiguously that the calcined solid is merely an intimate mixture of both 
components, and no new crystalline form can be detected. Thus the ex- 
planation for the vigorously enhanced fire control properties must lie else- 
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where, since the hypothesis cf micro-encapsulation via a new crystal inclu- 
sion complex is no longer tenable. However, the ooncept of reducing the 
volatility of the additive by the carrier matrix is still acceptable and 
does provide a good explanation for the observed facts. The exact mechanism 
of this volatility control is not presently understood, although we can adv- 
ance one possible explanation for the observed behavior. 

In making the calcined solid, as compared to sinple mixing of two sepa- 
rate solid phases, and particularly for the situation where KD is syn- 
thesized in the presence of KI , an extremely intimate mix of particles is 
produced. The minor component, KI, will find itself in an environment 
dominated by KD, and each KI particle will be in excellent thermal contact 
with a larger molecular total of KD. On warming the whole system, preferen- 
tial thermolysis will occur for the major component, and since KD de- 
composition is severely endothermic, little or no heat energy will be avail- 
able for volatilizing KI and/or thermal activation of KI. Thus, the effect 
postulated as being essential for long term control, that of volatility re- 
duction, can equally be accomplished via this "heat-sink” hypothesis, rather 
than the "micro-encapsulation" process envisaged initially. It might be 
inferred, therefore, that calcination procedures could perhaps be replaced 
by a process where the dcpant is dissolved in a suitable solvent, allowed to 
wash the carrier matrix (obviously the matrix should be insoluble in the 
solvent), and then evaporation of the solvent could leave all carrier 
particles coated with the dopant additive. This procedure, analogous to 
that used to coat stationary phases onto GLC (gas-liquid chromatography) 


support materials for GLC colums, has not yet been tried. Further, it is 
possible that a suitable molecular sieve could be found whose pore size 
would hold a dopant molecule, or perhaps merely the active (iodide/ iodine) 
moiety of the additive itself. Equally, a polymeric anion exchange sub- 
strate loaded with an iodide anion may provide similar volatility reduc- 
tions, provided that the polymer was non-flammable and thermally stable. 
These processes would reduce volatility by many orders of magnitude. The 
remaining adjustments needed for tailoring an exact fire control agent to 
the situation would be to synthesize a suitable molecular sieve (usually 
naturally occurring zeolites) or matrix carrier whose thermal degradation 
temperature was matched to those of the fire. This process would more 
closely resemble the "micro-encapsulation' 1 concept advanced by us earlier. 
For example, two molecular sieves widely used in gas chromatographic (GC) 
techniques for gas separations are M.S. 5A (5 angstrom pore size) and M.S. 
13X (10 angstrom pore size). Data from these approaches are not presently 
available for this Report. 

SUMMARY OF DATA - STATIC TESTING ASSEMBLAGE: The primary purpose of this 
investigation was to test various existing dry chemical fire extinguishants, 
to synthesize new ones where posssible, and to provide a preliminary ranking 
of their effectiveness with regard to fire control (particularly, hot sur- 
face initiated fuel fires) prior to dynamic testing procedures and evalua- 
tion. A secondary purpose was to recommend potential systems for further 
study via a dynamic fire test simulator, and to finally recommend systems 


compatible with the criteria delineated, in the previous sections ("Choice of 
Potential Systems"). Re-iterating the primary controlling criteria, the 
fire control chemicals should (see Table 1): 

1. Be stable to storage at 260°C for advanced systems (120°C for cur- 
rent vehicles) . 

2. Possess no hygroscopic or efflorescent properties greater than 5% 
weight changes. 

3. Induce a re- ignition delay in a JP-4 fuel fire of greater than 300 
seconds at a hot surface temperature of 800°C, and possess "knock-down" 
capabilities for the flame in addition to long term time control. 

To test for storage capabilities at tenperatures up to 260°C we have 
simply tested our solid dry chemicals for resistance to thermal degradation 
by using thermogravimetric analysis (TGA) techniques. Equally, hygroscopic 
and efflorescent properties were tested directly by weighing powders before 
and after exposure to air saturated with water-vapor, and to dry air. We 
may then extract re-ignition delay data from the Tables presented (3-21, 
inclusive), and rank them subject to the criteria delineated. In view of 
the comments given for tin iodide, data for mixtures containing thi > com- 
pound have not been included in this section. We also use the term 
"MARGINAL" herein to imply that the compound formulated will meet all re- 
quirements except storage at 260°C (for advanced systems), but will meet 
storage requirements for current aircraft (storage to 120°C) rather than 
those predicted for advanced vehicles. 
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We have chosen to present our data sunmary in the form of two tabular 
presentations: Firstly, a rank-ordered presentation of all data observed 
for oc«!fxxinds tested in the static combustion assemblage, ranking acoording 
to their perfonremce in controlling a JP-4 fuel fire at a nominal 
temperature of 800°C as measured by the magnitude of the observed 
re-ignition delay induced by a 10 g sample (arbitrarily cnosen sanple size). 
For convenience, sequences involving varying proportions of an additive have 
been grouped together. It is possible that one member of one group is out 
of sequence relative to another member of a group above and/or below it. A 
certain degree of subjective value judgement has been exercised by the 
authors in ranking group sequences relative to each other. In the light of 
comments made concerning tin iodide, data for calcined samples of matrices 
containing tin iodide have been deleted from consideration, although 
physical mixtures are presented. These data are presented in Table 22, 
where we also indicate suitability with respect to both current and advanced 
specifications for storage as delineated in Table 1. 

Seoordly, we present data for only those systems that produce a 
re- ignition delay of 300 seconds (arbitrarily given limit) or more, and also 
meet the storage requirements. These data are presented in Table 23. 

In summary, only two systems, KD calcined with KI, and AI2O3 
calcined with KI, meet the strict requirements delineated by the original 
terms of the investigation. These systems will be tested experimentally in 
the Dynamic Combustion Assemblage, and data for these compounds and others 
will be presented in Section V of this Report (authored by Professor D.J. 
Myronuk of San Jose State University (SJSU) and edited by Professor Alan 
Ling of SJSU). 
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TABLE 22 DRY CHEMICAL FIRE EXTINGUISHANTS RANK-ORDERED ACCORDING TO THEIR 
PERFORMANCE IN INDUCING A RE-IGNITION DELAY AT 800 e C AND 
CONTROLLING A .TP-4 FUEL FIRE 


Rank Re- Ignition Storage Suitability (2) 

at Dry Chemical System(l) Delay Current Advanced 

800 °C (seconds) 120 # C 260 # C 


1 

KD*KI 

1 % 

iodide 

87+9 

YES 

YES 


Calcined Solid 

5% 

iodide 

332+40 

YES 

YES 



10 % 

iodide 

665+44 

YES 

YES 



20 % 

iodide 

449+32 

YES 

YES 



30% 

iodide 

>9ff0 

YES 

YES 

2 

Al^OvKI 
Calcined Solid 

10 % 

iodide 

557+92 

YES 

YES 







3 

AI 2 O 3 + KI 
Solid Mixture 

10 % 

iodide 

388+31 

YES 

YES 

4(3) 

NaD + Snl x 

1 % 

iodide 

71+7 

MARGINAL 

NO 


Solid Mixture 

5% 

iodide 

157+16 

MARGINAL 

NO 



10 % 

iodide 

201+30 

MARGINAL 

NO 



20 % 

iodide 

320+65 

MARGINAL 

NO 



40% 

iodide 

374+45 

MARGINAL 

NO 



60% 

iodide 

510+90 

MARGINAL 

NO 



80% 

iodide 

20+4 

MARGINAL 

NO 

5 

KD + KI 

1 % 

iodide 

24+2 

YES 

YES 


Solid Mixture 

5% 

iodide 

57+9 

YES 

YES 



9% 

iodide 

107+13 

YES 

YES 


t 

20 % 

iodide 

155+14 

YES 

YES 

6 

KD + Snl x (4) 
Solid Mixture 

1 % 

iodide 

89+15 

MARGINAL 

NO 


5% 

iodide 

162+15 

MARGINAL 

NO 



10 % 

iodide 

113+20 

MARGINAL 

NO 



17% 

iodide 

143+14 

MARGINAL 

NO 

7 

Al(OH ) 3 + KI 

1 % 

iodide 

15+3 

YES 

MARGINAL 


Solid Mixture 

5% 

iodide 

40+4 

YES 

MARGINAL 



10 % 

iodide 

70+7 

YES 

MARGINAL 



20 % 

iodide 

96+9 

YES 

MARGINAL 


Table 22 (continued) 


Rank 

at 

800 °C 

Dry Chemical System(l) 

Re-Ignition 

Delay 

(seconds) 

Storage Suitability (2) 
Current Advanced 
120°C 260 *C 

8 

Al(0H) 3 *KI 

10 % iodide 

47+8 

YES 

MARGINAL 


Calcined Solid 





9 

A100H*KI 

10 % iodide 

47+12 

YES 

MARGINAL 


Calcined Solid 





10 

Al (OH ) 3 + Snl x 

1 % iodide 

15+2 

YES 

MARGINAL 


Solid Mixture 

5% iodide 

30+9 

YES 

MARGINAL 



10 % iodide 

35+4 

YES 

MARGINAL 



20 % iodide 

45+5 

YES 

MARGINAL 

11 

Nal 


90+25 

NO 

NO 

12 

KHC0 3 Ansul Corp. " 

Purple-K®" 

38+8 

MARGINAL 

NO 

13 

KD 


30+6 

YES 

YES 

14 

K 2 OO 3 Ansul Corp. 


<30+10> 

NO 

NO 

15 

NaD 


29+3 

MARGINAL 

NO 

16 

Snl x 


19+2 

NO 

NO 

17 

KD + KCl 50% w/w 


19+3 

YES 

YES 

18 

Al(OH ) 3 


18+6 

MARGINAL 

NO 

19 

KD + B 2 O 3 10% w/w 


18+5 

YES 

YES 

20 

KI 


16+6 

YES 

YES 

21 

KH00 3 -Urea 5 I.C.I. 

"Monnex®" 

9+2 

MARGINAL 

NO 


KCl 


<9+4> 

YES 

YES 

22 

NaCl 


8+3 

YES 

YES 


Na 2 W 04 


8+2 

YES 

YES 



Table 22 (continued) 


Rank 

at 

800 # C 

Dry Chemical System(l) 

Re-Ignition 

Delay 

(seconds) 

Storage Suitability (2) 
Current Advanced 
120*C 260 # C 

23 

AI203 

7+3 

YES 

YES 

24 

AlOOH 

5+2 

MARGINAL 

NO 


SnCl x * 2 H 20 

<5+3 > 

NO 

NO 


Na 2 W 04 * 2 H 20 

<5+3> 

NO 

NO 

25 

Sn 0 x *nK 2 O 

<4+2> 

NO 

NO 


K 3 A1F 6 

<4+2> 

YES 

YES 


H 3 BO 3 

<4+2 > 

NO 

NO 

26 

NH 4 H 2 PO 4 Ansul Corp. 

<3+2> 

NO 

NO 


NH 4 H 2 PO 4 PyroChem Corp. 

<3+2> 

NO 

NO 


B 2 O 3 

3+2 

YES 

YES 


k 2 so 4 

<3+2> 

YES 

YES 

27 

Cl 4 

<zero> 

NO 

NO 


(1) Nomenclature "KD + KI" implies a simple physical mixture, whereas 
"KD • KI M inplies a calcined solid. 

(2) As delineated in Table 1. 

(3) Subjective value judgement exercised by Authors in ranking complete 
experimental sequences of data. 

(4) Snl x implies unspecified mix of Snl 2 and Snl 4 ? and in general a 
mix of tin(II) and tin(IV) oxidation states. 

(5) A carbamate condensation product between these two species. 
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TABLE 23 POTENTIAL DRY CHEMICAL FIRE EXTINGUISHANTS THAT SATI S FY TOE 
STORAGE REQUIREMENTS AND PRODUCE A RE- IGNITION D ELAY 
GREATER THAN 300 SECONDS AT 800 # C* 


Rank 


Re- Ignition 

Storage 

Suitability 

at 

Dry Chemical System 

Delay 

Current 

Advanced 

800 °C 


( seconds ) 

120®C 

260 °C 


1 

KD*KI Calcined Solid 5% iodide 

332+40 

YES 

YES 


10 % iodide 

665+44 

YES 

YES 


20 % iodide 

449+32 

YES 

YES 


30% iodide 

>900 

YES 

YES 

2 

Al^'KI Calcined Solid 10% iodide 

557+92 

YES 

YES 

3 

AI 2 O 3 +KI Solid Mixture 10% iodide 

388+31 

YES 

YES 


* It is possible that some calcined mixtures of NaD*KI will alsb meet 
the criterion of 300 seconds re-ignition delay time, but NaD is of 
narginal suitability for current storage requirements and unsuitable 
for advanced systems. 
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IV. SYNTHESIS AND CHARACTERIZATION OF POTASSIUM DfiWSONITE AND IODIDE DOPED 

POTASSIUM DAWSON ITE 

P RIOR LITERATURE : Although numerous references have appeared in the 
technical and patent literature concerning the preparation, 
characterization, structure, properties, and uses of Dawsonite (sodium 
aluminum dihydroxide carbonate, NaAl(0H)2003>, a naturally occurring 
mineral, considerably less attention has been directed at the potassium and 
other alkali metal analogs. The first references to the potassium analog 
were in the German patents issued in 1882 and 1892 (51,52). This and 
subsequent literature dealing in whole or in part with the potassium analog 
of Dawsonite address one or more of the following aspects: synthesis and 
composition (44-46,49-52,54-56); integral th'.rmogravimetric analysis (TGA) , 
differential thermogravimetric analysis (DTG), differential thermal analysis 
(ETA) (47,54,56); infrared analysis (45,48,54,56); solubility and 
hydrolytic decomposition properties (53,57), and X-ray diffraction 
characteristics (45,47,54,55). 

To date, all, published procedures for the synthesis of the potassium an- 
alog involve solution methods where the aluminum component is derived from 
one of the following: elemental aluminum (54), Gibbsite (44,54), aluminum 
hydroxide (44,49,50,54), aluminum salts (45,46,49-52) or aluminum 
alkoxylates (49,50). The aluminum conponent, either as a solid, liquid or 
aqueous solution, is usually combined with an aqueous carbonate and/or 
bicarbonate system. The composition of the precipitated product, depending 
on solution temperature during the synthesis, corresponds to a substance 
having either the: formula KAl(0H)2C03.1/2H20 or KAl (OH ) 2CO3 , the 
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latter being formed at higher solution temperatures (44,54) and the former 
capable of dehydration to the latter upon heating to about 100 ®C (47). 

Based on integral and differential thermogravimetric analysis data as 
well as differential thermal analysis, it has been suggested that the com- 
position of the potassium analog of Dawsonite is consistent with the formula 
KA 10 ( 0 H)HC 03 , as opposed to KA 1 ( 0 H) 2 C 03 (47). The final product in a 
complete thermal decomposition of KA10(0H)H0C>3 has been shown to be potas- 
sium aluminate (47). The overall reaction can be formulated as follows (see 
Figure 31 for typical TGA, DTG and DTA profiles for the potassium analog 
(47,54) of Dawsonite): 

KAIO(OH)HOC>3 ► KA1C>2 + H 2 O + 002 

A detailed study of the differential thermal analysis and isothermal 
integral weight loss data as given in Reference 47 is in accord with the re- 
action sequence shown in Table 24. (NB - for convenience the stoichiometry 
of the potassium analog of Dawsonite will be expressed as KHQO 3 - 
•A10(0H) ) . 

The infra-red spectra and band frequencies as published in References 
44, 45, and 48, and shewn in Table 25, are essentially analogous. In ad- 
dition to the strong or very strong stretching vibrations of the -(0H) n 
groups in the 3400 cm " 1 region, it is observed that all four normal 
vibrational modes of the planar carbonato group are active. It is concluded 
that the very strong frequencies in the 1540 and 1400 cnfl regions re- 
present the strongly split asymmetric stretching frequencies 



THERMAL ANALYSIS CURVES FOR TOE POTASSIUM ANALOG OF DAWSON ITE 
(based on References 47 & 54) 
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T ABLE 24 THERMOLYTIC DEGRADATION OF POTASSIUM DftWSONITE 

- POSTULATED MODEL - 


Cumulative 
Eiperlmental 
Weight Lott 
(Ret. 47) 

Theoretlcel 
Weight loti/Step 
(cumulative) 

Equation 

OTA 

1.781 

01 

100* • 270*C 

8[KHC0 3 -A10(0M)J — > aCKHC0 3 *A10(OH>]' 

gradual 

23.601 

22.21 

270* • 370*C 
8[KHC0 3 -A)0(0H)]’ > 

endothermic 

transition 


* 

4K 2 C0 3 -2Al 2 0 3 -4A10(0H) ♦ 6H2O ♦ 4C0 2 

larpe 


9.71 

370* • 670*C 

4K 2 C0 3 • 2A1 2 0 3 • 4 A1 0 (OH ) > 

sharp 

endothena 

31.901 

<31.91) 

2K 2 0*2R Z C0 3 -4A1 2 0 3 ♦ 2H 2 0 ♦ 2C0 2 



3.41 

670* - 730 *C 
• A1 2OO3 — > 

small 

3S.401 

(35.31) 

3K 2 0*R 2C0 3 • 4A 3 2 0 3 * C0 2 

tharp 


3.41 

730* - 1000*C 
3K 2 0-K 2 C0 3 -4A1 2 0 3 — » 

endothena 

39.001 

<38.91) 

4K 2 0-4A1 2 0 3 * C0 2 (or: 8KA)0 Z ♦ C0 2 ) 
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TABLE 25 FREQUENCIES (in PIT 1 ) AND ASSIGNMENT OF THE PRINCIPAL 
BANDS OF THE POTASSIUM ANALOG OF DAWSON I TE 

Reference 44 Reference 48 Assignment (48) 


3440 

3440 

s 

OH Stretch 


3412 




1975 

w 



1825 

vw 


1540 

1544 

vs 

vg Asymmetric 

1408 

1412 

vs 

V 5 Stretch 

1102 

1108 

m 

vi Symmetric 




Stretch 

1000 

1000 

s 


867 

872 

m 

V 2 Out of plane 




deformation 

844 

848 

w 



764 

w 

V 4 In plane 


744 


deformation 


660 

mb 



516 

s 



470 

m 



404 

vw 



s = strong 
m = medium 
w = weak 
v = very 
b = broad 




(V 3 *v 5 +vg) # a presumed consequence of the carbonate lattice site sym- 
metry (48,56). Carbonate symmetric stretching, out of plane and in plane 
deformation (vi,V 2 and V 4 respectively) have been assigned in the case 
of the potassium analog (see Table 25) (48). 

The infra-red activity of the symmetry forbidden symmetric stretch vi 
is attributed to its crystallographic site symmetry and a complementary 
carbonato-hydroxo group hydrogen bonding relationship. The site symmetry 
and hydrogen bonding relationship combine to confer upon the carbonato group 
a "bicarbonate" like configuration. The "bicarbonate" like thermal decompo- 
sition of the potassium analog (see Table 24) is thus in accord with its 
infra-red properties, giving further credence to the representation of the 
potassium analog as KA 10 ( 0 H)HCC >3 (47,48,56). 

The potassium analog of Dawsonite is not subject to purification by re- 
crystallization since optimum conditions for its formation require a high 
KHCO 3 : K 2 OO 3 /AI 2 O 3 ratio (44,54,55). It is also susceptible to 
hydrolysis, yielding carbonates and bicarbonates in the aqueous phase and 
amorphous Al( 0 H )3 in the solid phase (57). 

X-ray powder diffraction characteristics for the substance with stoich- 
iometry KAl 0 C 0 H)HC 03 have been determined by two independent investiga- 
tions (45,54). Neither investigation has reported unit cell dimensions, 
indexing based on the lattice parameters, crystal class system or space 
group assignment. Moreover, certain interplanar spacings not only lack 
correlation between the two different studies, but even within one report- 
ed study (54) spacings are not consistently observed. Table 26 summarizes 
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TABLE 26 

IOTERPLANAR SPACINGS (in A.U. ) 

FOR TOE 

POTASSIUM ANALOG OF DAWSONITE 
(Reflections for 2-Theta between 0° and 50°) 


Reference 54 

Reference 45 

Specimen 3 Specimen 4 


5.58 

5.55 

5.58 

4.08 

4.10 


3.34 

3.33 

3.37 

3.18 

3.14 

3.15 

2.83 

2.82 

2.79 

2.65 

2.65 

2.65 

2.53 

2.50 

2.50 

2.21 


2.24 

2.17 

2.15 

2.17 

1.98 

1.98 

1.99 



127 


the reported "d" spacings. The "d" spacings for the substance with 
stoichiometry KAlO(OH )HCX>3*1/2H20 have also been reported (54 .55 ) and 
similarly appear to lack consistency. However, the similarity in "d M 
spacings between KAlO(0H)HC03 and KAlO(OH)HCC>3.1/2H20 that does exist, 
and the retention of this similarity upon dehydration of the latter to the 
former, suggests that the hydration of the latter is not water of con- 
stitution (47,48). 

Although previous investigations have sought to conpare "d" spacings and 
h,k,l, assignments known for Dawson ite with the potassium analog, the cor- 
relation is tenuous and inconclusive (45,54). 

In conclusion, the potassium analog of Dawsonite prepared by solution 
precipitation methods has been show by a number of investigations to be a 
unique substance. It has been characterized according to its composition, 
infra-red, and thermolytic properties, but only partially characterized ac- 
cording to its X-ray diffraction characteristics. 


SYNTHESIS OF POTASSIUM DAWSONITE - GENERALIZED PROTOCOL : A novel method for 
the synthesis of the potassium analog of Dawsonite was investigated and 
optimized. Accordingly, the formation of a high purity potassium analog of 
Dawsonite can be achieved by means ?.f a single step, high- temperature , 
high-pressure solid-state procedure typical of the following generalized 
protocol: 


128 

1) Equimolar quantities of Gibteite and potassium hydrogencarbonate 
as dry, ground powders (particle size < 90 urn) are intimately mixed and 
transferred to a cylindrical open- top aluminum reaction vessel. 

2) The reaction vessel is placed in a two liter PARR High Pressure 
Reactor (see Figure 32). 

3) The reactor, after securing, is flushed with gaseous carbon diox- 
ide and then pressurized to 240 psig. 

4) The reactor tenperature is then raised as quickly as possible to 
245°C+5°C and maintained at that tenperature for 4.5 hours. 

5) After cooling and depressurization, the product is removed and 
vacuum oven dried overnight at 50°C. 

SYNTHESIS OF POTASSIUM DAWSON ITE - DETAILED PROCEDURE : Aluminum hydroxide, 

Al(OH) 3 , obtained from The Kaiser Chemical Corporation at approximately 
99% purity, was used directly without further purification. (This material 
is equivalent to the H-36 grade of alumina trihydrate, AI 2 O 3 OH 2 O, 
currently being marketed by Kaiser Chemical.) The particle size distribu- 
tion of Kaiser Al(OH )3 was as follows: 


Mesh 

120 

230 

325 

Pan 


Wt. % Retained 

0 

45 

11 

44 


Note: Obviously, this Al(OH )3 will all pass an ASTM-35 mesh, a minimum 

criterion used in this report for all of the powders processed or used. 


Rain hood 



FIGURE 32 


PRESSURIZED BOMB FOR THE SYNTHESIS OF DAWSONITE 
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Potassium bicarbonate, KHOO3 (supplied as a granular analytical reagent 
by Mallinckrodt; assay (KHOO3) 99.7-100.3%) was processed in the fol- 
lowing manner before use: 

1. It was dried overnight {>16 hours) in a vacuum oven operating at < 0.1 
nmHg and at 42-45*C as a thin layer over the botton of an aluminum pan with 
a surface area exceeding 200 cm 2 at a depth of le^s than 1 cm. 

2. The dried KHCO3 was ground in a ball mill for 16 hours. Typically, 
one pound of the dried powder was added to a 0.3 gallon ceramic pot (diam. 5 
5/8 inches), and 12 grinding spheres (ceramic balls; 0.78-0.87 in diameter, 
mass 15.4 grams) were used. Critical speed of this ball mill used was 124 
rpm. The desired speed for efficient grinding was 80% of 124 rpm. The 
actual revolution rate for the ball mill used was 92 rpm (74% of critical 
speed). Drying and grinding in this fashion effectively reduces the size of 
all particles in the KHCO3 powder such that it will pass an ASIM-35 mesh. 

3. The ground KHCO3 was placed in a common pool and used as needed. The 
common material after some time (24 hours and longer) in the storage con- 
tainer would exhibit a degree of water absorption as evidenced by visible 
caking, and should be dried again in a vacuum oven (as above) just prior(to 
immediate use. KHCO3 was repeatedly dried because of the concern for the 
reagent weights, since weight loss after reaction provides a convenient 
measure of extent of reaction. 
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Step 1 of the Synthesis : Weigh put the desired amount of each reactant in 

the ratio 100.12/78.00 for the reactants KHCD3/Al(OH)3, respectively. 

S tep 2 of the Synthesis : Place both the KHCO3 and Al(0H)3 into a 0.3 

gallon ball mill container (i.e. 178 g total mass per 0.3 gal. volume of 
mill container). Seal the container without adding any grinding balls and 
mix for approximately 15 minutes. It is important that a relatively homoge- 
neous mixture of the two solid components be obtained prior to reaction. 

Step 3 of the Synthesis : The resultant solid mixture from 2 above was 

sieved through an ASTM Number 35 Sieve to break up the over-size lumps. 
These latter appeared to be mainly KHCO3 coated with a Cine dust of 
Al(OH)3. The KHGO3 "lumps" are broken up by forcing them through the 
sieve. The reactants must be mixed again to eliminate any concentration 
variations of KHCO3 throughout the reaction mixture. The sieved (Pass 
#35) mixture was returned to the milling pot for further mixing without 
adding any grinding balls to the pot (mixing time was approximately 15 
minutes). 

Step 4 of the Synthesis ; Divide reaction mixture among reaction vessels. 
Determine the mass of reactants in each vessel prior to initiating the reac- 
tion. Store the reaction vessels charged with reactants in a sealed glass 
container or in a pressurized reaction assemblage until ready to begin the 
calcination process. 
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REACTION VESSEL : The vessels used for the calcination process have been 
the object of much investigation. It was found that glass ("Pyrex"" 250 mL 
beakers), aluminum foil lined glass beakers, and aluminum foil itself, are 
all unsatisfactory. Glass beakers shatter as the product expands, sometimes 
even fusing to the product. This nukes removal of glass difficult and 
dangerous. A1 foil is too thin for support and reacts to some extent, making 
for a source of error in Al analysis. 

It has been found that the bottom half of an all aluminum 12 oz beverage 
container, (beer and/or soft drink) is satisfactory, with truncation of the 
container at approximately the mid-way point. However, concern over poten- 
tial contamination from volatiles released from the liners of these con- 
tainers has pronpted preparation of the containers as follows. 

Step 1 Reaction Vessel Preparation : The aluminum can is cut in such a man- 
ner as to produce a container three inches high, and with a total volume of 
approximately 250 mL. A clean cut, horizontal edge should be obtained. 

Step 2 Reaction Vessel Preparation : The containers are new dipped fully 
into a oxidizing cleaning solution such as "Chrome ege"*", or a similar vigor- 
ous chromic acid based cleaner (i.e. potassium chromate and concentrated 
sulphuric acid) for five minutes or until coatings are observed to have been 


removed. 
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Step 3 Reaction Vessel Preparation : The cleaned cans are then washed with 
several litres of water to remove all traces of tfie chromic acid dip, and 
residues produced by the oxidation processes induced by the chromic acid 
dip. The cans are dried by standing in air, and are then ready for use. 

Some specific brand names were found to be more acceptable than others, due 
to reasons that were probably tied to surface cjatings and/or metal alloy 
conposition, but which were not investigated in any way. 


BEVERAGE CONTAINER ACCEPTABILITY FOR THE SYNTHESIS OF DAWSON I TE 


ACCEPTABLE-PREFERRED* 

ACCEPTABLE 

NOT ACCEPTAB 

Budweiser 

Dr. Pepper 

Coors 

7-Up 

Colt-45 

Schlitz 

Pepsi-Cola 


Miller 

* 




"Acceptability" was defined in terms of criteria associated 
with visual contamination of the final product (discoloration) 
and obvious visual signs of chemical reaction induced in exterior 
and interior walls of the reaction vessel. 
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CALCINATION ASSEMBLAGE : The calcination assemblage is shown in diagram- 

matic representation in Figure 32. A commercially supplied pressure 
reaction vessel was used, manufactured by the Parr Corporation, capable of 
withstanding circa 1100 psig, and of being operated at temperatures up to 
350°C with tenperature control of approximately +5°C at any tenperat'-u 
between ambient and the maximum. 

Step 1 of Calcination Procedure ; The aluminum reaction containers are posit- 
ioned in the vessel to be used for the high pressure/high temperature calci- 
nation procedure. 

S tep 2 of Calcination Procedure : The assemblage is sealed as recommended by 

the manufacturer of the pressurized calcination apparatus. 

Step 3 of Calcination Procedure : The sealed pressure vessel should be 

flushed well with OO 2 gas to remove most of the air that might be present. 
For the small Parr Reaction Vessel, 60 seconds flushing at a flew rate of 13 
standard litres per minute OO 2 (SLPM) was used. The apparatus is then 
charged with 240 psig pressure of CO 2 gas for this preparation. 


Step 4 of Calcination Procedure : The sealed and pressurized assemblage con- 


taining the reaction vessels with the reactants inside is now placed in the 
heating unit, and the temperature brought quickly up to 245°C in approxim- 
ately 60 minutes without alleging any overshoot in the tenperature. Recom- 
mended Variac" settings are difficult to delineate because of several fac- 
tors that determine final Variac" setting for proper tenperature. 

Step 5 of Calcination Procedure : When the reaction has proceeded for the 
desired time period (4.5 hours), the heater is returned to its zero setting, 
and the whole assemblage removed from the heating jacket, placed on an as- 
bestos board, and allowed to cool towards room tenperature. This process 
can be accelerated by use of an air draught from a fan, or similar unit. 
The assemblage and reaction mixture contained within it are left pressurized 
until the tenperature of the assemblage reaches 50 °C. At this point the 
pressurization may be released, and the reaction gases allowed to escape 
slowly through the release valve. 

Step 6 of Calcination Procedure ; When the pressure has reached equilibrium 
with atmospheric, the assemblage may be opened and the contents removed. 
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PRODUCT SEPARATION AND WORK^JP PROCEDURES 


1. Drying? The reaction products are dried while still in the aluminum can 
reaction container, and they may be weighed after this procedure to 
ascertain the extent of reaction. The recommended drying procedure 
involves the use of a vacuum oven at < 0.1 mrrHg and temperatures not 
exceeding 50 °C or less than 40 °C for not less than 16 hours. By the 
foregoing procedure, crude potassium Dawsonite is obtained in a 96% yield. 
Yields were confuted by conparing observed versus theoretical weight losses 
that accompanied the calcination reaction. 

2. Grinding: 

2.1 Remove all of the material from the reaction vessel by peeling 
away the aluminum can with the aid of a pair of metal cutters and some form 
of hand vise (beware of the very sharp aluminum edges subsequently exposed). 

Use a sharp knife to scrape off all material that is still clinging to the 
bulk of the product. Unwanted impurities will be colored grey or black; 
the product is a clean white powder. 

2.2 Use a large conventional mortar and pestle to reduce the size of 
the pieces recovered from the reaction vessel to a particle size that will 
all pass through an ASTM #35 Sieve. 
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2.3 Place the approximately 350 g (two reaction vessels with total cap- 
acity of approximately 170 g each were calcined simultaneously in the calci- 
nation assemblage ) into a 0.3 gallon milling container, add 18 spheres (cer- 
amic, individually 0.78-0.87 inches in diameter and 15.4 g mass), and mill 
for at least two hours (as before: critical speed of ball mill is 124 rpm; 
desired speed for efficient grinding is 80% of the critical revolution rate 
of 124 rpm) . Actual revolution rate used by us was 92 rpm, corresponding to 
74% of the critical speed. Representative samples can be taken at this 
point for analysis or reference purposes. 

2.4 Open up the nulling pot, remove the 18 grinding balls, and add ap- 
proximately 1% by weight of a solid flay agent such as "Tullanox 500 m " 
(supplied commercially by Tulco, Inc.) in the form of a finely dispersed 
(100% Pass an ASTM-4 00 Mesh) hydrophobic, fumed, Si02 powder. Add six 
solid rubber mixing spheres (0.76 inches in diameter, 5.5 grams in weight) 
and mix for 15 minutes to disperse the flow agent through the reaction 
mixture containing dawsonite. 

After a flay agent has been added, particle size distribution and bulk 
density of the resulting material can be determined, and the powder is then 
ready for use (prepared powder was stored in a plastic bag inside a sealed 
metal gallon can). 
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In addition to the conditions specified in the foregoing protocol, the 
formation of the potassium analog under variable time, tenperature, and 
pressure parameters was investigated. Product speciation was determined by 
X-ray diffraction and is tabulated in Table 27 and summarized in Figure 33. 
The bottom of Figure 33 shows the temperature, pressure, and time conditions 
for which the potassium analog of Dawsonite is the principal resultant 
specie. At temperatures below 200°C the reaction time increases to days and 
at 150°C or less no reaction occurs. In the absence of carbon dioxide pres- 
sure or insufficient carbon dioxide pressure, the principal phenomenon is 
decomposition of the reactants. 


ANALYTICAL METHODOLOGIES FOR POTASSIUM DAWSONITE 


QUANTITATIVE ANALYTICAL METHODS ; The analytical characterizations of the 
resultant products realized from the calcination of equimolar potassium 
bicarbonate/Gibbsite mixtures under varying conditions are tabulated in 
Table 28. The experimentally determined weight percents were obtained by 
the following methods: 

1 - Potassium - Atonic absorption 

2 - Aluminum - EDTA titration using Eriochrome-T indicator 

3 - Carbonate - Acidification followed by absorption of liberated CO 2 

by "Ascarite"". 
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TABLE 27 FORMATION OF THE POTASSIUM ANALOG OF DAWSON I TE BY CALCINING 
- PRODUCT SPECIATION AS DETERMINED BY X-RAY DIFFRACTION - 


Sanple 

Designation 

T( °C) 

t(hr. 

) Pi(C0 2 ) 

IDENTIFIED SPECIES and 
ESTIMATED RELATIVE AMOUNTS** 

I 


250 

0.5 

360 

D>b 

II 


245 

4.5 

360 

U»Bvb 

II (washed) 

245 

4.5 

360 

D>>B 

III 


245 

4.5 

240 

D»B*b 

IV 


245 

4.5 

120 

D»B 

V 


231 

14.0 

240 

D»B 

VI 


200 

4.5 

240 

G>D*B>b 

VII 


200 

4.5 

120 

D~B"b?G 

VIII 


200 

4.5 

60 

D>B>G*b 

IX 


155 

4.5 

360 

G>b~X>D 

X 


155 

45.0 

360 

G>b*X>D>cl .5H20 *c-vB 

XI 


155 

45.0 

240 

G>b^X>D*cl .5H20 


means 

about 10 

:1 

Legend: 


11^ •• 

means 

about 5: 

1 

D = Potassium Dawsonite 

11^ II 

means 

about 3:; 

2 to 2:1 

G = Gibbs it? 

II 'V H 

means 

about 4:! 

5 to 5:4 

B = Boehmite 





b = potassium bicarbonate 





c = potassium carbonate 





X = unknown compound not in ASTM 

NOTE ON 

THE ESTIMATED RELATIVE 

AMOUNTS: 



The relative amount of each component was estimated assuming the following: 

1 - the principle peak height for each substance is of conparable 

intensity, and 

2 - the relative amount present was in proportion to the height of its 

major peak compared to the height of the largest principle peak. 

Contrasted to the inherent complexities of a refined quantitative X-ray dif- 
fraction approach, the above procedure offers little in the way of quantita- 
tive information? thus,-" and J relationships should be interpreted accord- 
ingly. 
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( 

FIGURE 33 PO TASSIUM ANALOG SYNTHESES 

PRODUCT SPECULATION AS A FUNCTION OF EXPERIMENTAL VARIABLES 

- Summary - 


G, b, X, KD, c, B B, b, c 



KD (B, b) 


Legend; G = Gibbsite? Al(OH )3 

b = Bicarbonate, Potassium 
KD = Dawson ite, Potassium Analog 
c = Carbonate, Potassium 
B = Boehmite; AIO(OH) 

X = Unknown Specie 


| 

l 
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TABLE 28 FORMATION OF THE POTASSIUM ANALOG OF DftWSONITE BY THE 

METHOD OF CALCINING 

- ANALYTICAL CHARACTERIZATIONS - 


Sample 

Designation 

% K+ 

% Al3+ 

% C0 3 2- 

Theoretical 

24.42 

16.85 

37.48 

II 

25.8 

17.03 

37.7 

I I (washed) 

25.1 

17.59 

37.3 

III 

24.4 

16.97 

37.4 

I V 

26.0 

16.74 

37.5 

V 

25.1 

17.02 

37.8 

VI 

25.3 

17.84 

31.5 

VII 

23.5 

18.31 

31.6 

VIII 

25.5 

16.92 

34.6 

IX 

23.8 

16.72 

32.3 

X 

23.9 

16.89 

32.6 

XI 

24.1 

17.92 

29.0 

Uncertainty 

+0.5% 

+0.5% 

+0.5% 
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Hypothetically, the intended objective in the calcining process is the real- 
ization of the potassium analog of Dawsonite according to equation (1) of 
Table 29. In addition to the Dawsonite formation reaction, a series of 
probable conpetitive decomposition reactions is shewn. The variety of 
species resulting from varying the calcination conditions, as identified in 
the X-ray diffraction spectra taken of the crude products obtained, is con- 
sistent not only with the postulated formation reaction ( 2 ) . but with the 
conpetitive decomposition reactions (2), (3), and (4) as well. It can be 
ascertained from Table 30 and Figure 34, that in the case for crude product 
analyses, the carbonate content would be the most sensitive indicator of the 
contribution of conversion types (3) and (4). To the extent that conversion 
types (1) and (2) predominate, carbonate analyses of the crude product would 
be an insensitive parameter with which to distinguish the relative extent of 
conversion (1) versus (2); however, carbonate analyses performed after 
purification by low temperature washing would be highly sensitive to the 
(insoluble carbonate/soluble carbonate) proportion, a characteristic that 
would be a sensitive measure of the ratio. 

% conversion for reaction 1 

% conversion for reaction 2 

Table 31 compares typical analyses for crude and purified potassium 
Dawsonite. It can be concluded that .within the limits of uncertainty of the 
methodologies utilized, conversion reaction (1) occurs almost exclusively. 
The existence of unidentified species in systems IX, X, and XI precludes 
application of the above approach as a diagnostic procedure. 



TABLE 29 CALCINATION OF POTASSIUM BICARBONATE/GIBBS ITE MIXTURES 

- POSSIBLE TYPES OF CONVERSIONS - 


(1) KHCO 3 + 

(2) [KHCO 3 ] 

(3) KHCO 3 + 

(4) KHCO 3 + 


Conversion (1) 
Conversion (2) 
Conversion (3) 
Conversion (4) 


A1(0H ) 3 — 

-* KA1(0H) 2 C0 3 

+ h 2 o 

A1(0H ) 3 - 

-* [KHC0 3 ] + 

A10(0H) + 

A1(0H ) 3 — 

-fr 0. 5K 2 C0 3 + 

A10(0H) 4 

[A!(0H) 3 ] - 

— ♦ 0.5K 2 C0 3 

4 - [A1(0H) 3 ] 


h 2 ° 

1.5H 2 0 + 0.5C0 2 
4 0. 5C0 2 


Legend 

is the formation of the potassium analog of Dawsonite. 
is the decomposition of Gibbsite. 

is the decomposition of Gibbsite and potassium bicarbonate, 
is the decomposition of potassium bicarbonate. 
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TABLE 30 REACTA N T AND PRODUCT COMPOSITION AS A 

FUNCTION OF CONVERSION TYPE 

— — —» ■■■■ ■ ■ I IIM I IM— «— « —— H I »» 

- Calcination of Potassium Bicarbonate/Gibbs ite Mixtures 


I nitial Composition 



% K+ 

% Al 3+ 

% C0 3 : 

(1) 

21.95 

15.15 

33.69 

(2) 

21.95 

15.15 

33.69 

(3) 

21.95 

15.15 

33.69 

(4) 

21.95 

15.15 

33.69 


Final Conposition 



% K+ 

% Al 3+ 

% 00 3 

(1) 

24.42 

16.85 

37.48 

(2) 

24.42 

16.85 

37.48 

(3) 

30.29 

20.90 

17.05 

(4) 

26.58 

18.34 

14.96 
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FIGURE 34 


REACTANT AND PRODUCT COMPOSITION AS A 
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T ABLE 31 POTASSIUM ANALOG ANALYSES: CRUDE/PURIFIED COMPARISON 


Atomic^ 
Absorption 


,KA1(0H)2C03 

\ 

EDTA 

Titration 


Acidification & 
Ascarite Absorption 



« K+ 

% Al 3+ 

% C0 3 ' 

Theoretical 

24.42 

16.85 

37.48 

Crude 

24.4 

17.0 

37.4 

Purified 

24.7 

17.0 

37.3 


All uncertainties < +0.5%. 


J 
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INFRA-RED ANALYSIS : Figure 35 is a typical spectrum of the potassium 
analog of Dawsonite synthesized by calcination} Figure 36 is a 
characteristic spectrum obtained from a product synthesized by solution 
preparation methodology analogous to that of the previously published 
literature (44-46,49-52,54-56). Table 32 lists the experimentally observed 
band frequencies that appear in Figures 35 and 36. It can be readily 
concluded from the data of Table 32 and Figures 35 and 36 that the spectrum 
of the calcined product and the spectrum of the solution preparation product 
are virtually identical. The data of Table 32 is also quite comparable to 
the previously published infra-red band frequencies of the potassium analog 
of Dawsonite as summarized in Table 25. 

THEBMOGRAVIMETRIC ANALYSIS : Figures 37, 38, and 39 show the experimentally 
determined integral weight loss the rmogravime trie analysis curves obtained 
for the potassium analogs of Dawsonite formed by low temperature solution 
preparation (T * 80°C), high tenperature solution preparation (T « 135°C) 
and calcination methods respectively. Tenperature versus percent weight 
loss data at selected intervals was taken directly from the original traces 
and recorded in Table 33. It is concluded from this data that the analog 
prepared by calcination exhibits an overa A , weight loss profile more 
analogous to the model postulated in Table 24. Compared to calcining, the 
products obtained by solution precipitation methods show diminished thernal 
stability prior to the first major endothermic deoonposition that occurs at 
approximately 300 °C. Figures 40 and 41 shew combined typical differential 
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TABLE 32 COMPARISON OF TOE INFRARED BAND FREQUENCIES OF THE 

POTASSIUM ANALOG OF DAWSONITE PREPARED 
BY CALCINING AND SOU/TION PRECIPITATION 


Calcining 

Method 

(curl) 

Intensity 

Solution 

Preparation 

Method 

3423 

s 

3420 

1533 

vs 

1525 

1408 

vs 

1405 

1103 

w 

1095 

1000 

s 

1000 

870 

m 

865 

846 

w 

840 (sh) 

761 

w 

760 

743 

w 

740 







WEIGHT. % U>SS 
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T. *C (CORRECTED FOR CHROMEL ALUMEL THERMOCOUPLES) 


FIGURE 37; TGA CURVE FDR POTASSIUM ANALOG OF DAWSON ITE - LOW TEMPERATURE 


SOLUTION PREPARATION 



WEIGHT. % IOSS 
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FIGURE 38: TGA CURVE FOR POTASSIUM ANALOG OF DAWSONIIE - HIGH TEMPERATURE 
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WEIGHT. % LOSS 
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TABLE 33 THERMOLY SI S OF THE P OTASSIUM ANALOGS OF E^WSON ITE FORMED 

BY SOLU TION PRECIPITATION AND CALCINATION 
- COMPARATIVE WEIGHT LOSS PROFILES - 


LOW TEMPERATURE HIGH TEMPERATURE 

SOLUTION PREPARATION SOLUTION PREPARATION CALCINATION PREPARATION 



(%/T°C) 

(%/T°C) 

(%A°C) 

POINT A 

6%/290 

4%/330 

3%/340 

POINT B 

l8%/330 

16%/360 

16%/375 

POINT C 

32%/370 

30%/390 

29%/410 







THERMOLYSIS OF THE POTASSIUM ANALOG OF DAWSON ITE PREPARED 





THERMOLYSIS OF THE POTASSIUM ANALOG OF DAWSON ITE PREPARED 

BY CALCINATION 
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as well as integral weight loss curves characteristic of analogs prepared by 

tt** 

lew temperature solution methods and calcination methods respectively. 
Thus, it has been shewn that the product obtained by the process of calcin- 
ation possesses greater thernal stability prior to the major endotherms and 
the transition temperatures attending these decompositions are measurably 
higher. 


THERMOCHEMICAL BEHAVIOUR : Using differential scanning calorimetry (D 6 C) 
techniques and potasium hydrogen carbonate as a reference comparison, the 
heat change attributable to the first major endotherm of potassium Dawsonite 
decomposition was measured and determined to be 30+2 kcal/mole, a change 
equivalent to that upon going from System I to System IV as shown below. 
The endothermic minimum occured at 340°C. Although at high temperatures 
(725°C), the final decomposition species is potassium aluminate, KA 1 C> 2 (c), 
it is probable that the decomposition phase at 340°C is amorphous (47,79) 
and has a composition corresponding to System IV; see Table 24. 


E 

Ae n 

X D 
> 00 " 


AHf (k-eal/mol) 


I -551 KA10(0H)HCC>3(c)/H20(1) 

(min. est.) 

II -536 KHC0 3 ( c )/Al (OH ) 3 ( c ) 

III -533 KHC02(c)/A10(0H)(c)/H20(1) 

I V - 521 ( 0 . 5 K 2 C 03 - 0 . 25 A.l 203 - 0 . 5 AlO(OH))(am.)/ 

0 . 5 C 0 2 (g)/ 1 . 75 H 20 )(l) 

(min. est. ) 


In the inset above. System I conprises the products in the potassium 
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Dawsonite calcination synthesis; System II consists of the reactants, 
whereas System III represents the products of a conpetitive decomposition 
side reaction. 

The formation enthalpies for Systems II and III were conputed from ther- 
mochemical data of reference (80). A minimum estimate (min. est.) for Sys- 
tem IV was arrived at by conputing the formation enthalpy for the following 

system: 

0.5K 2 C03(c)/0.25Al203(c)/0.5AlO(OH)(c)/0.5C02(g)/1.75H20(l) 

To be sure, this computation underestimates the actual formation enthalpy by 
an amount equivalent to the enthalpy of species interaction minus a siraller 
enthalpy change attributable to the change in lattice structure, according 
to the equation belcw. 

0.5K 2 OC>3 (c) + 0.25A1 203(c) + O.SAlO(OH) (c) ► 

0 . 5K 2 CX>3 • 0 . 25AI2O3 • 0 . 5A10 (OH ) ( am. ) 

Utilizing, however, the minimum estimate for System IV and the measured 

value of the change on going from I > IV, it can be concluded that the 

formation of the potassium analog of Dawsonite from Gibbs ite and potas- 
sium hydrogencarbonate is in fact exothermic, confirming recent observations 
(81). 
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X-RAY DIFFRACTION ANALYSIS : A typical X-ray diffraction spectrum of the 
potassium analog of Dawson ite prepared fay the method of calcining is de- 
picted in Figure 42. The twelve major peaks observed at reflections between 
10 and 50 degrees are conpared in Table 34 to the previously published data. 
Various differences between the observed data disclosed in this 
investigation and the previously published data are summarized belcw. 

(i) Although a reflection at two-theta ■ 21.65® (4.105 A) is not reported 
by the French work of Reference 45, a potassium analog of Daw son ite synthe- 
sized according to their published method did yield an X-ray diffraction 
spectrum analogous to the NASA Empirical spectrum, including the reflection 
at two-theta * 21.65®. 

(ii) Although neither the 30.92° nor the 32.11® lines are reported in 
the prior literature (corresponding to d a 2.889 A and 2.788 A respective- 
ly), when the potassium analog of Dawsonite is prepared according to the 
literature methods of References 45 and 54, these lines are seen in the 
materials resulting from both preparations. Earlier studies may have ascr- 
ibed these lines to closely matching potassium bicarbonate and potassium 
carbonate lines respectively, although neither line corresponds to the prin- 
cipal peak of either of these substances. Eyperimentally, the 30.92° and 
32.11® lines cannot be removed by washing? calcining experiments in which 
the bicarbonate or carbonate was present as a limiting reactant and Gibb- 
site was present in 25% molar excess yielded products that displayed both of 
these reflections. 



TYPICAL X-RAY DIFFRACTION SPECTRUM OF TOE POTASSIUM ANALOG OF 
DAWSON ITE PREPARED BY CALCINATION 
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TABLE 34 COMPARISON OF w d" SPACINGS FOR TOE POTASSIUM ANALOG* 
OF DftWSONITE PREPARED BY DIFFERENT METHODS 
• (* for substances having the conposition KAl( 0 H) 2 C 03 ) 


SOLUTION PREPARATION METHOD CALCINING METHOD 

Composite NASA 

Reference 54 Reference 45 Literature Enpirical 

Average 


Specimen 2 Specimen 3 Specimen 4 


5.68 



5.55 

5.58 

5.55 

4.13 

4.08 

4.10 

3.39 

3.34 

3.33 

3.14 

3.18 

3.14 

2.82 

2.83 

2.82 

2.64 

2.65 

2.65 

2.53 

2.53 

2.50 


2.21 


2.15 

2.17 

2.15 

1.96 

1.98 

1.98 




5.985 

(1) 

5.58 

(5.57) 

5.574 

(2) 

U) 

(4.10) 

4.105 

(3) 

3.37 

(3.36) 

3.370 

(4) 

3.15 

(3.15) 

3.153 

(5) 


(ii) 

2.889 

(6) 

2.79 

(2.82) 

2.818 

(7) 


(ii) 

2.788 

(8) 

2.65 

(2.65) 

2.644 

(9) 

2.50 

(2.52) 

2.518 

(10) 

2.24 

(2.23) 

(iii) 


2.17 

(2.16) 

2.168 

(ID 

1.99 

(1.98) 

1.996 

(lv) 1.985 

(12) 


See acconpanying text for explanation of (i), (ii), (iii), and (iv). 
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(iii) It is to be noted that a reflection corresponding to 2.23 A is re- 

! 

ported by both previous studies; however, a repeat of the method publish- 
ed in Reference 54 whereby the potassium analog of Dawsonite is formed from 
elemental Al(s) added to aqueous hot potassium carbona * solution, yielded a 
product which showed significant amounts of potassium Dawsonite, Gibbsite, 
and Bayerite, the most intense line of the Bayerite occurring at 2.22 A.U. 
It wa- subsequently established by our studies that pure potassium Dawsonite 
showing no Gibbsite or Bayerite (and no line corresponding to 2.22 A.U.) can 
be obtained by sirrply pre-filtering the reaction mixture prior to the solu- 
tion precipitation of potassium Dawsonite, which occurs slowly. 

Previous X-ray diffraction and electron microscopy studies by others 
(72) on KAl 02 (aq. )/C 02 systems have established unequivocally that 
Bayerite and Gibbsite cam both form concurrently. Bayerite and Gibbsite are 
different crystal structure forms of Al(OH )3 (c), i.e. a formula that can 
be written as AI 2 O 3 OH 2 O (c). The formation ratio of these product 
species is temperature dependent, the Gibbs ite/Bayerite ratio increasing 
with increasing tenperature in the 60-100°C range. The solution concentrat- 
ions and concentration ratios of reacting species in this system were, by 
design, not optimized in favor of Dawsonite analog precipitation. 

(iv) The reflection in our spectra near 1.99 A is usually seen as a broad 
asymmetric peak that most frequently is observed as a partially resolved 
pair; infrequently it appears resolved into a trio of peaks, whereas at 
other times it is observed as a single peak. 

f' 



LATTICE PARAMETERS : Computer analysis of the powder pattern reflection data 
of the potassium analog of EAWSONITE by the method of J. W. Visser (73,74) 
has yielded probable sets of unit cell parameters. Thus, existence of a 
well defined phase behaviour of the potassium analog has been established. 
Limitations in instrumental precision and the accuracy of the method of 
internal standards did not allcw unambiguous assignment of the unit cell 
parameters, hence, Table 35, which compares lattice parameters of Dawsonite 
(61,75,76, 77) with its potassium, rubidium (78), and cesium (79) analogs, 
depicts two equally probable solutions. Although the two solutions shown in 
this Table came from different samples, no correlation between calcination 
conditions and unit cell parameters was observed for the numerous indexings 
that were achieved. Whenever solutions and indexing was achieved for a 
saiiple, an ortho-rhombic system was the most likely of all crystal systems 
to be assigned and invariably had a higher Figure of Merit than other 
solutions. 

MOISTURE PICKUP/LOSS CHARACTERISTICS : Potassium Dawsonite prepared accord- 
ing to the detailed procedure previously described, was subjected to a set 
of hyper-humidity and hvpo-humidity studies. In the high humidity test, the 
material was confined to a closed system (desiccator) into which had been 
placed a reservoir of water sufficient in quantity to provide maximum 
moisture saturation at ambient temperature, circa 23 °C. During the test 
periods of twenty- four and forty-eight hours, the percent weight gain war 
0,98% and 1.62%, respectively. In the law humidity test, the material v.as 
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TABLE 35 


DAWSON ITE AND ITS ANALOGS 


- Lattice Parameters Summary - 
for general formula MAI (OH >2003 


M 

System 


Unit Cell 




ao 

alpha 

VOLUME 



bo 

beta 

(A 3 ) 



Co 

gamma 




6.7(4) 

90.00 


Na 

Ortho 

10.4(0) 

90.00 

392 



5.5(8) 

90.00 




11.945/6.310 

90.00/90.00 


K 

Mono/Ortho 

6.309/11.976 

90.235/90.00 

425/427 



5.644/5.645 

90.00/90.00 




6.77 

90.00 


Rb- 1 / 2 H 20 

Ortho 

12.7 

90.00 

490 



5.70 

90.00 




7.04 

90.00 


CS-H 20 

Ortho 

13.1 

90.00 

554 



5.74 

90.00 



f 
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similarly confined, however, a reservoir of concentrated sulfuric acid 
replaced the water and provided a dehydrating environment. During the t jst 
periods of twenty- four and forty-eight hours, the percent weight loss was 
observed to be 0.34% and 0.40%, respectively. 

POTASSIUM DAWSON I TE - SUMMARY : The prior literature on the potassium analog 
of Dawsonite has been reviewed and summarized. Previously reported work 
addresses the following aspects: solution procedures for the synthesis of 
the analog; composition studies; thermogravimetric deconposition 
behaviour; infrared analysis; solubility and hydrolysis properties: and 
partial X-ray diffraction characterizations. 

The work reported herein discloses the investigation and optimization of 
a new and efficient single-step method (viz., calcination) for the synthesis 
of the potassium analog of Dawsonite in high purity and high yield. The an- 
alog obtained by calcination was characterized according to its composition, 
infrared, thermogravimetric, and X-ray diffraction properties, and also com- 
pared and contrasted to the corresponding product obtained via solution 
precipitation procedures.* In nearly all respects, the characteristics of 
the potassium analog of Dawsonite prepared by calcination are comparable to 
those of the material obtained via high tenperature solution precipitation; 
a measurable property differential is observed, however in their respective 
thermogravimetric -analysis profiles. Whereas the analog prepared by calcin- 
ation exhibits an overall weight loss profile closer to a postulated model, 

* Crystalline phase behaviour has been established and 
probable lattice parameters have been determined. 
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the product obtained by solution precipitation shows diminished thermal 
stability and greater weight loss prior to the first major endothermic 
decomposition that occurs around 300° C , 

* 

The effort accorded the investigation and characterization of the potassium 
analog of Dawsonite formed via calcination has thus realized the following: 

1. The technological basis for an efficient and single means of its 
production in reasonable quantities. 

2. Definitive characterization of the product produced in the above 
manner. 

3. A foundation for further investigations of iodide doped Potassium 
Dawsonite systems. 


SYNTHESIS AND CHARACTERIZATION OF IODIDE DOPED POTASSIUM DAWSONITE 

I. INTRODUCTION : The premise underlying halogen doping of the potassium 
analog of Dawsonite rests on the well kncwn scavenging of radical flame 
species by halogens. Potentially, highly effective and efficient fire 
suppressants and re-ignition retardants might consist of radical scavenging 
and recombination catalysts that, as "guests” in a host substance are ther- 
mally released upon entry into and partial retention within a combustion 
zone. A substance of this type or combination of substances would not only 
have the potential to quench a fire, but the potential to suppress the re- 



ignition of the conflagration through a modulated release of quenching comp- 
onents. Substances having these properties could potentially be achieved by 
stoichiometric encapsulation of an active fire retardant within the struc- 
ture of a crystalline inorganic substance. An effective fire retardant 
agent of this type might utilize a layered-structure host compound which, it 
is asserted, would allcv a guest compound such as an inorganic halon, to 
become inserted into or substituted within available lattice sites. The 
host compound should have the potential to decompose in the combustion zone 
with tine attendant release of the guest compound (flame quenching agent). 
Alternatively, a microcrystalline non-stoichiometric enclathration of an 
active flame retardant by the crystalline environment of a thermally labile 
host compound might also serve to modulate the release of quenching compon- 
ents into the combustion zone. A third type of system might involve the use 
of a simple physical mixture of an active component which is non-adhesive. ly 
interspersed in the particle voids of the host compound. 

It is the first of these three hypotheses that is to be investigated 
here. Such a flame retardant guest/host compound is to be sought by a solid 
phase synthetic procedure utilizing conditions of elevated tenperature and 
pressure. The resultant species realized from these procedures are to be 
characterized by various spectrophotometric, gravimetric, and chemical an- 
alysis techniques with the intention of gaining information as to the na- 
ture of their composition and micro-environments. This will lead to an 
increased understanding of the method of modulation of flame quenching com- 



ponents. The system currently being investigated as the host environment is 
the potassium analog of Dawsonite. The use of iodides as potential guest 
agents within the potassium Dawsonite structure will be examined. Iodides 
are well known as flame quenching agents and are therefore good candidates 
for interstitial encapsulation or enclathration. Tin iodides and potassium 
iodide will serve as potential sources for the iodide. In particular, 
tin(IV) iodide has a high volatility, which is desirable for rapid release 
of the iodide into the combustion zone. Relative ease of synthesis also 
makes this compound a favorable choice. 

The method of synthesis in pursuit of these guest/host confounds will 
follow the procedure for the synthesis of potassium Dawsonite as described 
in a previous section of this paper. Varying mole ratios of ,*KD/Snl 4 
will be physically mixed. Each mixture will be divided into two sanples 
with one sample to be calcined at high temperature and pressures. The phys- 
ical mixtures and their calcined counterparts will be characterized by 
infrared spect rone try, X-ray diffraction spectrometry as well as chemical 
analysis and thernogravimetric analysis. For reasons to be enumerated sub- 
sequently, Snl2 was not the subject of this guest/host investigation. 


* 


KD refers to potassium Dawsonite. 


PRIOR LITERATURE 


Potassium Dawsonite : A review of prior literature on potassium Dawson ite 

appears in an earlier section. 

Tin(II) Iodide and Tin (IV) Iodide ; Tin iodide can exist in two forms under 
normal conditions. Stannous iodide has the formula Snl2 and the other 
moiety, stannic iodide, has the formula Snl4. Both can be prepared fcy the 
direct combination of tin metal and elemental iodine (84,87). Stannic iod- 
ide volatilizes at 180*C while stannous iodide remains fixed at red heat 
(80). At 327°C, stannic iodide has a vapor pressure 3000 times that of stan- 
nous iodide (81). Stannous iodide has a melting point of 320°C and a boil- 
ing point of 72Q°C. Stannic iodide has a melting point of 143. 5°C and a 
boiling point of 340°C. Snl2 and Snl4 have densities of 5.29 g/cm 3 
and 4.70 g/cm 3 , respectively (80). When crystallized from aqueous solu- 
tion, stannous iodide contains two molecules of water. When dried over 
sulfuric acid the monohydrate is formed (80). The crystal structure of both 
moieties have been reported (82,83,84). Meller and Fankuchen report stannic 
iodide as belonging to the space group Pa3. The unit cell is cubic with 
ao - 12.26A. An earlier work by Dickinson reports aQ as 12.23A. Hcwie, 
et al. report stannous iodide as being monoclinic with cell dimensions of: 
a = 14.17, b = 4.535, c = 10.87, and beta = 92.0° 

Stannous iodide belongs to the space group C2/m. (84) Infrared studies on 
stannic iodide indicate only two active bands at 219 cm" 1 and 71 cm" 1 
(85). Observed Raman shifts for stannic iodide occur at v^ = 149 cm" 1 , 

V2 = 47 cm” 1 , V3 = 216 cm” 1 , and V4 = 63 cm" 1 . (86) Stannic 
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{ iodide is stable in air, under prolonged contact with moist air S11O2 is 

formed (87). Stannous iodide is known to be sensitive to atmospheric 
oxidation (84). Exposure to X-r^ys also accelerates the decomposition of 
stannous iodide (84). X-ray diffraction spectra of both Snl 2 and Snl 4 
have been reported (Tables 37 and 38) (88). 


(II) EXPERIMENTAL 
PREPARATION OF TIN IODIDES 

Recrystallization of Stannous Iodide ; Stannous iodide was obtained from 
ROC/RIC chemical supplier. Purity was checked by chemical as well as X-ray 
diffraction analysis. "Stannous iodide" was then purified by recrystal- 
lization from 2 M HC1. The recrystallization procedure follows that as de- 
scribed by Howie, et al. (84) The purified product was stored in a nitrogen 
filled brcwn glass bottle which was kept in a vacuum desiccator. 
Recrystallized product identity and purity were established by X-ray 
diffraction and thermogravimetric analysis. 

Synthesis of Stannic Iodide : Pure stannic iodide was prepared by the 
direct combination of tin and elemental iodine in carbon tetrachloride solv- 
ent.^) The carbon tetrachloride solvent was evaporated off by gentle 
heating. The stannic iodide obtained was stored in a nitrogen filled brcwn 
glass jar which was placed in vacuo over calcium chloride. Product purity 
and identity were confirmed by elemental analysis for tin and iodine, and by 
X-ray diffraction and thermcgravimetric analysis. 

i 
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Reactions of Tin Iodides with Potassium Dawson ite : Va tying mole ratios of 
tin( IV) iodide and potassium Dawson ite were mixed and subjected to calcina- 
tion: The reaction bomb is the same as that used for potassium Dawsonite 
syntheses. Potassium Dawsonite and tin( IV) iodide were finely ground and 
made to pass through an ASTM 325 mesh sieve. Sanples of each were weighed 
accurately and various mole ratios were mixed together. The physical 
mixtures were ground and mixed together until the mixture was homogeneous. 
The mixture was placed in a 20 mL glass beaker with a watch glass placed on 
top. The beaker with sample was placed into the reaction vessel along with 
10 mL of water which was placed on the bottom of the reaction vessel. The 
reaction vessel was sealed and flushed with carbon dioxide gas. Carbon 
dioxide pressure was brought to 240 psi at room temperature. The reaction 
vessel was allowed to cone to a constant temperature of 240°C + 5°C with a 
corresponding CO 2 and H 2 O pressure of 600+25 psi. The calcination was 
allowed to continue for 18 hours + 2 hours. The reaction bomb was cooled 
rapidly (approximately 1/2 hour) and the sample was removed when bomb con- 
ditions came to equilibrium with the surrounding environment. The sanple 
was dried in vacuo over calcium sulfate at room temperature. Products ob- 
tained were ground in a mor+.ar and were passed through a 325 mesh sieve. 
Products were characterized by infrared spectrometry, thermogravmetric an- 
alysis, and X-ray diffraction. Physical mixtures of the same mole ratios of 
Snl 4 /K-dawsonite were made homogeneous and characterized by IR, TGA, i?.d 
X-ray diffraction. 
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Calcination of Aluminum Hydroxide, Potassium Bicarbonate and Potassium 
I odide : A physical mixture of aluminum hydroxide, A 1 ( 0 H) 3 , potassium 

bicarbonate, KHCO 3 , and potassium iodide, KI, was ground and made homo- 
geneous in the mole ratio of one mole Al( 0 H )3 to one mole WHCO 3 and a 
corresponding amount of KI that would be necessary to equal the amount of 
iodine in a mixture of potassium Dawsonite and 10% Snl 4 (the relative 
proportions by weight are 100.12/78.00/15.7, respectively, KHOO 3 / 
Al(OH)3/Kl). The mixture was calcined under the same conditions as that 
of the calcination of potassium Dawsonite as described earlier. The 
calcined product was characterized by X-ray diffraction. 


PRODUCT SEPARATION PROCEDURES 


Separation of Components of 1:1 Mole Ratio (Potassium Dawson ite/Tin Iodide) 
Calcined Produc t: Components of the above product were separated according 
to their selective solubilities in carbon tetrachloride and water. Hot 
carbon tetrachloride was used to extract out any unreacted tin( IV) iodide. 
Cold water was used to remove any water soluble iodide. The remaining 
components were not soluble in either hot carbon tetrachloride or cold 
water. Components were characterized by X-ray diffraction. 

Iodine Content of Potassium Carbonate/Aluminum Hydroxide/Pot erbium Iodide 
Calcined Product : The KI of the KHCO3/AI (OH ) 3/Kl calcined product was 
extracted with water from the remaining conponents. The iodine content was 
determined using a procedure described subsequently in this paper. 
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INSTRUMENTAL ANALYSIS 


Infrared Spectra (IR) : The infrared spectra of potassium Dawsonite, crude 
product before oold water washing, and washed potassium Dawsonite were taken 
using a Perkin Elmer 700 IR spectrophotometer. Samples for infrared were 
prepared by grinding a small quantity of the sample into a ten-fold amount 
of thoroughly dried KBr. The KBr/potassium Dawsonite sample was oonpletely 
mixed and a pellet was made using a pellet press. A reference pellet of KBr 
was used during the infrared measurements in order to cancel cut any effects 
of KBr in the sample pellet. The products obtained from the potassium 
Dawsonite/tin(IV) iodide calcinations also had their infrared spectra ob- 
tained by the same procedure as described above. 

Thermpgravimetric Analysis (TGA) : A Dupont 990 thermal analyzer in 
conjunction with a Dupont 951 thermogravimetric analyzer was used to obtain 
integral as well as differential thenrogravimetric curves. Temperatures 
ranged from room temperature to 900°C. A heating rate of 10°C per minute 
was used. Sample weights varied from 10 mg to 25 mg. Platinum pans, 
usually used for such procedures, were replaced with silica pans because of 
the high reactivity of platinum with iodine at elevated tenperatures. 

X-Ray Diffraction : A Norelco X-ray diffraction unit was used for obtaining 
X-ray powder diffraction patterns. Copper radiation with a K-alpha value of 
1.5418 nm was used as the X-ray source. All sanples were prepared in the 
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following manner: Each sanple was finely ground until the entire sanple 
passed throu^i a 325 mesh sieve. An aluminum sample holder with a rectang- 
ular hole was placed cm a glass slide (large enough to block the entire 

opening in the aluminum sample holder). The pass-325 mesh sanple was placed 

* 

into a 120 mesh sieve which covered the aluminum holder (exposed hole facing 
up). The sample was sifted through the sieve until it totally covered the 
hole in the aluminum sanple holder. The sanple was tamped down lightly and 
the excess carefully removed with a razor blade. The excess was placed into 
the 120 mesh sieve and the process repeated. The whole process was repeated 
another uime, except that the sanple was firmly pressed into the hole before 

i 

the excess was removed. The exposed side of the sanple holder was then 
covered with another glass slide and the '’sandwiched" sanple holder was 
inverted. The uppermost glass slide (originally the lower) was removed, and 
the newly exposed sample surface was used for the X-ray diffraction analy- 
sis. The aluminum holder plus sample was placed into the X-ray diffracto- 
meter and subjected to X-rays over a 20 range of 10° to 50°. LiF was used 
as an internal standard. 


Chemical Analysis: Chemical analysis procedures were developed for 

potassium, aluminum, carbonate, tin, and iodine content. For potassium 
Dawsonite samples, potassium content was measured by atomic absorption; 
aluminum content was determi/ed by EDTA titration; total carbonate was 
determined by making samples acidic and collecting the CO2 gas on an 
Ascarite® column and measuring weight gain. Tin analyses were carried out 
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on the tin iodides as follows: A small quantity of a sample to be analyzed 
was weighed accurately and dissolved in concentrated NH4OH. The solution 
was heated until only a white residue remained. The solution was allowed to 
cool whereupon dilute nitric acid was added dropwise until the solution 
turned red using methyl red indicator. Dilute NH4OH was added dropwise 
until the solution just changed to a yellow color. After reheating for a 
few minutes, the precipitate was filtered using Whatnan #40 filter paper. 
The precipitate (Sn0 2 ) was washed with warm 2% NH4OH. Both the 
precipitate and filtrate were collected quantitatively. Ashing of the 
filter paper and ignition at 1000°C for one hour, followed by cooling in a 
desiccator yielded pure Sn0 2 . The iodine content of the sample remained 
in the filtrate. Concentrated NH4OH was added to the filtrate until the 
final volume was approximately 300 mL. A small excess of A<^03, required 
to precipitate all of the iodide, was added to concentrated NH4OH (50 mL). 
This was added to the filtrate slcwly using a thymolphthaiein indicator. 
The solution was heated for 2 hours, whereupon it was allowed to cool to 
room temperature and stand overnight (placed in the dark). Agl was filtered 
through a fine sintered glass crucible, washed with cold water and dried at 
110°C for 3 to 4 hours. The sample was weighed as Agl. 
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(III) RESULTS 


Purification of Stannous Iodide by Recrystal lization : Chemical analysis of 
the t'in( II) iodide as received by the supplier was significantly inconsistent 
with the calculated values (see Table 36). X-ray diffraction spectra indic- 
ated that in addition to the presence of S;in( II) iodide, there was consider- 
able tin(IV) iodide as well as some unidentified species. Recrystallization 
according to the method of Howie, et al. , yielded a crystalline yellcw- 
orange product. All purified samples were stored in nitrogen-filled brown 
glass containers which were placed into a vacuum desiccator. Although puri- 
fied tin(II) iodide exhibited TGA and X-ray diffraction characteristics 
closely resembling literature data (see Figure 43 & Table 37), routine expo- 
sure of the purified product to ambient conditions of temperature, light, 
air, and/or moisture initiated rapid degradation of the product. 

Stannic Iodide Synthesis : Tin (IV) iodide synthesized according to the 
method of McDermot (87), yielded an orange-red product whose elemental an- 
alysis, TGA, and X-ray diffraction spectrum as shown in Table 36, Figure 43, 
and Table 38, respectively, are consistent with authentic Snl 4 . Tin(IV) 
iodide obtained from laboratory synthesis was found to be relatively insens- 
itive to laboratory environmental conditions. Moist air, however, is repor- 
ted to slowly hydrolyze it, therefore the product was also stored in the 
same manner as tin(ll) iodide. Stannic iodide stored this way remained un- 
changed for months. Since stannic iodide exhibits considerably less envir- 
onmental sensitivity than stannous iodide, calcination reactions with potas- 
sium Dawsonite were performed with stannic iodide and not stannous iodide. 
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TABLE 36 C HEMICAL ANALYSIS OF STANNOUS IODIDE AND STANNIC IODIDE 


Stannic Iodide (Snl 4 ) 
Theoretical % Washed Product % 
Sn « 18.95 Sn - 19.27*0.1 
I » 81.05 I - 80. 79+0.1 


Stannous 
Theoretical % 

Sn » 31.86 
I » 68.14 


Iodide* 

Sample % 

Sn * 34.11+0.3 
I * 63.71+0.1 


* The Snl 2 obtained from the supplier was found to be impure due to 
oxidation. 
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( TABLE 37 26 VALUES AND RELATIVE INTENSITIES FOR TOE X-RAY DIFFRACTION 

SPECTRA OF TIN ( II ) IODIDE (Snl ^) 


- Laboratory Preparation and Literature Reference* - 


26 

26 

Relative 

Relative 



Intensity 

Intensity 

(observed) 

(literature) 

(observed) 

(literature) 


15.30 

15.20 

50 

40 

24.70 

24.59 

34 

35 

25,23 

25.16 

18 

40 

26.85 

26.77 

35 

40 

27.32 

27.27 

83 

100 

28.22 

28.15 

100 

90 

28.79 

28.89 

29 

40 

29.62 

29.58 

12 

20 

31.78 

31.71 

15 

20 

32.74 

32.62 

19 

25 

39.42 

39.31 

28 

40 

41.10 

41.04 

30 

70 

41.80 

41.74 

14 

40 


41.84 


30 

42.38 

42.29 

19 

30 


* 


The relative intensities are taken from the indexed AS1T4 catalog card 
number 25-975. The 20 values were calculated using a lambda value of 
1.5418. 
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^ TABLE 38 28 VALUES AND RELATIVE INTENSITIES FOR THE X-RAY DIFFRACTI ON 

SPECTRA OF TIN(IV) IODIDE (Snl^ 

- Laboratory Preparation and Literature Reference* - 


28 

(observed) 

28 

(literature) 

Relative 

Intensity 

(observed) 

Relative 
Intens ity 
(literature) 


12.48 


3 


16.14 

10 


17.75 

17.70 

10 

15 

25.20 

25.13 

100 

100 


26.18 


5 

29.18 

29.09 

25 

32 

31.78 

31.78 

2 

3 

33.40 

33.46 

3 

6 

34.30 

34.26 

4 

5 

39.52 

39.54 

4 

5 


40.24 


4 

41.68 

41.62 

28 

41 

41.75 


25 


49.28 

49.24 

20 

26 

49.40 


5 



* the relative intensities are taken from the indexed ASTM catalog card 
nuniber 6 - 0232, The 20 values were calculated using a lainbda value of 
1.5418. 
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calcination reactions 

Tin(IV) Iodide with EOtassium Dawsonite : Potassium dawsonite was calcined 
with stannic iodide using mole ratios of 1:1, 2:1, 4:1, 5:1, and 8:1 potas- 
sium Dawsonite/s tannic iodide. The 1:1 and 2:1 mole ratio calcined products 
were orange-brcwn and green-brown in color, respectively. The 4:1 calcined 
product was light yellow, the 5;1 and 8:1 products were white in color. All 
products were placed into small glass containers and stored in a desiccator. 
All of the pre-calcined physical mixtures were orange-white in color.* 

Calcination of Aluminum Hydroxide-Potassium Carbonate - 1 and Potassium Iodide : 
Potassium dawsonite was synthesized by calcining Al( 0 H )3 with KHCO 3 in 
the presence of KI. The product obtained was dried in vacuo overnight and 
stored in a desiccator. The final product was a fine white powder. 

INSTRUMENTAL ANALYSIS 

Infrared Spectroscopy (I R): Stannic iodide is not active in the infrared 
range from 4000 cnr* to 650 cm”!. (85) Potassium Dawsonite is active in 
this range and shows strong absorption bands at 3440, 1544, 1412, 1000, and 
516 cnfl., Refer to Figure 35 for the IR spectrum ot potassium Dawsonite, 
and Table 25 shows the IR frequencies & assignments for potassium Dawsonite. 

* 

It should be noted that tin( IV) iodide and potassium Dawsonite, when 
mixed and stored together as dry powders at room temperature and pressure, 
spontaneously generate an internal pressure within the storage container; 
thus, the amounts stored, the handling procedures and the type of storage 
container must be selected accordingly. 


I 
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Infrared spectra of the 1:1, 2:1, and 4:1 mole ratio potassium Dawson- 
ite/3tannic iodide calcined products are shewn in Figure 44 . The 1:1 and 
2:1 mole ratio products shew no potassium Dawsonite absorption brnds. See 
Tables 39, 40 and 41 for IR band assignients. The 5:1 and 8:1 mole ratio 
products shew significant absorption bands in the strong absorption regions 
of potassium Dawsonite, as shown in Figure 45. The 5:1 product has strong 
IR bands at 3440, 1528, 140 5, and 998 cm”^. The 8:1 calcined product has 
strong IR bands at 3425, 1525, 1410, and 995 cm“l. These absorption bands 
correspond well to the potassium dawsonile absorption bands at 3440, 1544, 
1412, and 1000 cm“^. Tables 42 and 43 show the IR frequencies and assign- 
ments for the 5:1 and 8:1 products. The infrared spectrum of the 4:1 mole 
ratio (potassium dawsonite/s tannic iodide) calcined product shows a very 
small excess of potassium dawsonite. Refer to Figure 46 for the infrared 
spectrum of the 4:1 calcined product as compared to the species as identi- 
fied and assigned in Table 41. Figure 46 includes the infrared spectrum of 
Boehmite (AlO(OH)), beta-stannic acid, and stannic oxide (SnC>2). Table 44 
gives the IR frequencies of Boehmite, stannic oxide, and beta-stannic acid. 

Thenrogravimetric Analysis of Potassium Dawsonite and Tin Iodides : The 
differential TGA curve of potassium dawsonite, before washing and after 
washing with cold water, is shown in Figure 47. The small peak at 150°C is 
absent in the washed potassium dawsonite sample. 
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TABLE 39 I JR FREQUENCIES (In otT 1 ) AND ASSIGMENTS OF THE PRINCIPAL BANDS 
FOR THE ltl MOLE RATIO (K-DftWSCMITB/Snld) CALCINED PRODUCT) 


IR Frequencies 
Literature Observed 

Assignment 

3880 m 
3880 m 

3880 w 

Beta-Stannic Acid/AlOOH 

3410 s 

3450 lit) 

Beta-Stannic Acid 

3262 s 


AlOQH 

3079 s 


AlOOH 

1620 m 

1630 w 

Beta-Stannic Acid/Sn02 

.1260 w 


Sr»02/A100H 

1145 w 


AlOOH 

1073 m 

1070 w 

AlOOH 

s = strong; m * 

medium; w * 

weak; v * very; b * broad 
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TABLE 40 IR FREQUENCIES (in an- * ) AND ASSIGNMENTS OF TOE PRINCIPAL BANDS 
FOR THE 2:1 MOLE RATIO ( K -DAWSON ITL/Snl 4 ) CALCINED PRODUCT 


IR Frequencies 
Literature Observed 

Assignment 

3880 m 
3883 m 

3880 m 

Beta-Stannic Acid/AIOOH 

3410 s 

3430 mb 

Beta-Stannic Acid 

3262 s 


AlOOH 

3079 3 


AlOOH 

1620 m 

1610 m 

Beta-Stannic Acid 

1260 w 

1290 w 

SrC^/AlOOH 

1145 w 


AlOOH 

1073 m 

1070 w 

AlOOH 

s =* strong; m 

= madium; w 

* weak; v = very; b * broad 
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TABLE 41 IR FREQUENCIES (in cm" 1 ? ASSIGNMENTS OF TOE PRINCIPAL BA NDS 
FOR THE 4:1 MOLE RAT IO iK-DWS ^ITE/Snlj) CALCINED PRO DUCT 

1— mm — ! ■ 1 — w III II III >1 11 *1 1 I l l II I llW W I' H IW 


IR Frequencies Assignment 

Li tera ture Observed 


38B0 

3880 

m 

m 

3875 

m 

Beta-Stannic Acid/AIOOH 

3410 

s 

3415 

s 

Beta-Stannic Acid 

3263 

5 



AlOOH 

3079 

S 

3100 

s 

AlOOH 

1620 

m 

1615 

ru 

Beta-Stannic Acid 

1260 

w 

1260 

w 

SnO2/AlO0H 

1145 

w 

1150 

w 

AlOOH 

1073 

m 

1070 

m 

AlOOH 


w 


weak; 


s 3 strong; 


m * medium; 


v = very; 


b 


broad 
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INFRARED SPECTRA OF TTiE 5; 1 (LINE 1) AND 8:1 (LINE 2) MOLE 
RATIOS OF POTASSIUM DAWSONITE/Snl 4 ) CALCINED PRODUCTS 


FIGURE 45 
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TABLE 42 IR FREQUENCIES (in cm* 1 ) AND ASSIGNMENTS OF TOE PRINCIPAL BANDS 
FOR TOE 5:1 MOLE RATIO (K-^ WS ONITE/Snlj) CALCINED PRODUCT 


IR Frequencies* 
Literature Observed 

Assignment 

3880 m 

3880 w 

Beta-Stannic Acid/AIOOH 

3880 m 



3440 s 

3440 sb 

K-Dawsonite 

3410 sb 


Beta-Stannic Acid 

3262 s 


AlOOH 

3079 s 

3090 s 

AlOOH 

1620 m 

1625 w 

Beta-Stannic Acid 

1544 vs 

1528 vs 

K-Dawsonite 

1412 vs 

1405 vs 

K-Dawsonite 

1260 w 

1255 w 

Sn02/A10CH 

1145 w 

.1140 w 

AlOOH 

1073 m 

1065 m 

AlOOH 

1000 s 

998 s 

K-Dawsonite 

s x strong? 

m * medium? w 

* weak; v ■ very; b * broad 


* IR Literature for AlOOH (Ref. 11), Beta-Stannic Acid, and Sn02 
(Table 44) K-Dawsonite (Table 29). 
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TABLE 43 1R FREQUENCIES (in cm" 1 ) AND ASSIGNMENTS OF THE PRINCIPAL BANDS 
FOR THE 8:1 MOLE RATIO ( K-DftWSONITE/Snl A ) CALCINED PRODUCT 


IR Frequencies* Assignment 

Literature Observed 


3880 

m 

3880 

w 

Beta-Stannic Acid/AlOOH 

3440 

s 

3425 

sb 

K-Dawsonite 

3410 

sb 



Beta-Stannic Acid 

3262 

s 



AlOCrt 

3079 

s 

3080 

s 

AlOOH 

1620 

m 

1620 

w 

Beta-Stannic Acid 

1544 

vs 

1525 

vs 

K-Dawsonite 

1412 

vs 

1410 

vs 

K-Dawsonite 

1260 

w 

1260 

w 

Sn02/A100H 

1145 

w 

1140 

w 

AlOOH 

1073 

m 

1060 

m 

AlOOH 

1000 

s 

995 

s 

K-Dawsonite 


s = strong; m - medium; w = weak; v = very; b = broad 

* IR Literature for A100H (Ref. 89), Beta-Stannic Acid, and Sn02 
(Table 44) K-Dawsonite (Table 32). 
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FIGURE 46: INFRA-RED SPECTRA FOR VARIOUS SOLID DRY CHEMICALS: 

LINE 1: TIN (IV) OXIDE 

LINE 2: BETA-STANNIC ACID 

LINE 3: 4:1 MOLE RATIO OF KD/SnI 4 

LINE 4: BOEHMITE (AlOOH) 
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TABLE 44 IR FREQUEN C IES (in OTT 1 ) AND ASSIGNMENTS OF THE PRINCIPAL BANDS 
OF BOEHM ITE (AlO(OH)), BETA-STANNIC ACID (SnOp^HaO) t AND 

STANNIC OXIDE (Sn0 2 ) 

* i*i'* ii— rrrrn M .Lnxi..rr n" < mm _ t' "i 1111 *** ■» rnwiMur - « mmm mmmmmmmmmmmm mm 

Boehmite* Beta-Stannic Acid* Stannic Oxide 

3880 m 3880 w 

3262 s 3410 sb 

3079 s 1620 m 

2080 m 

1960 w 

1640 w 

1260 w 

1145 w 

1073 m 

s = strong; ro * medium; w * weak; v = very; b - broad 

* IR Frequencies for Boehmite are from Reference 89. 

IR Frequencies for Beta-Stannic Acid and Stannic Oxide are from Figure 46. 


1260 w 
1080 m 
1060 m 
790 m 







The TGA's of both S 11 I 4 and Snl 2 were taken using freshly prepared 
samples. This was to ensure product purity, as Snl 2 is well known for its 
rapid oxidation. ( 64 ) Both Snl 4 and Snl 2 had only one principal weight 
loss peak each, as indicated in Figure 43 . Snl 2 remained relatively 
stable upon heating until a temperature of 390°C. At 510°C, Snl 2 under* 
goes its mast rapid weight loss. The snail weight loss at approximately 
170°C is due to Snl 4 impurity in the sanple. The TCA of Snl 4 shows only 
one large weight loss peak due to evaporation, spanning a range of 165 to 
240°C. The greatest weight loss occurs at 230°C. The total weight loss was 
98 percent for Snl 4 and 94 percent for Snl 2 » 

Thenroqravimetric Analyses of K-Dawsonite/Tin(IV) Iodide Physical Mixtures 
and Calcined Mixtures : Integral and differential TGA's of physical mixtures, 
calcined mixtures and probable products of calcined mixtures are shown in 
Figures 48, 49, 50, 51, and 52. 

The 4:1 physical mixture integral and differential curves as shewn in 
Figure 48 are characteristic of all mixtures ©'ployed, differing from other 
mole ratio systems only in relative peak heights of the two components. As 
expected, the major weight loss rates were observed at about 230°C and 360°C 
for the Snl 4 and potassium dawsonite, respectively. 

As depicted in Figure 49, 50, and 51, the integral and differential 
TGA's of the calcined systems of varying mole ratios reveal a common hirjh 
terperature weight loss around the 850 to 890°C region. The lower mole 
ratio systems, 1:1 and 2:1, exhibit weight losses primarily in the 230®C re- 
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THERMOLYSIS OF THE 4:1 MOLE RATIO POTASSIUM DAWSONITE/STANNIC 

IODIDE PHYSICAL MIXTURE 







1:1(1), 2:1(2), AND 4:1(3) MOLE RATIO POTASSIUM DfiWSQN I TE/Sn 1 4 

CALCINED PRODUCT 
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gion whereas the higher mole ratio systems, 5.*1 and 8?1, show characteristic 
weight losses in the 350°C zone. The most prominent feature of the 4:1 sys- 
tem is the 850-900*0 weight loss. 

Figure 52 includes the integral TGA's of potassium iodide, beta-stannic 
acid, and Boehmite. Boehmite undergoes a weight loss at 550 *C due to water 
loss. Boehmite (AlO(OH) ) decomposes to form AI 2 O 3 . Beta-stannic acid 
undergoes successive water losses from 50-500 °C. Reference 90 describes 
this dehydration more completely. Potassium iodide is very stable to weight 
loss up to a temperature of 700°C. It then rapidly losses virtually all of 
its weight from 700-900 ®C. 

X-Ray Diffraction Analysis : Potassium dawsonite, . Snl 2 and Snl 4 , were 
analyzed by X-ray diffraction. Refer to Table 45 for potassium dawsonite 20 
observations with relative intensities, Table 38 for Snl 4 26 assignments, 
and Table 37 for 20 assignments of Snl 2 « Figure 42 shows the X-ray 
diffraction spectrum of potassium Dawsonite. Table 46 shows the 20 
assignments with relative intensities for the 1:1 mole ratio K-dawsonite to 
Snl 4 calcined product and physical mixture. The 20 assignments and inten- 
sities for the 4:1 calcined product are listed in Table 47. Tables 48, 49, 
and 50 list the 20 assignments and intensities for the 2:1, 5:1, and 8:1 
calcined products, respectively. Literature 20 values and relative intensi- 
ties for potassium iodide and Sn 02 are listed in Table 51. Figure 53 
compares the major X-ray diffraction peaks of the 2:1, 4:1, and 8:1 calcined 
products with the major X-ray diffraction reflections of KI, Snl 4 , 
K-dawsonite, and SnC> 2 « All of the spectra were taken using LiF as an 
internal standard. 
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TABLE 45 28 VALUES. CORRESPONDING H d" S PACINGS AND RELATIVE INTENSITIES 



d Spacing 26 Relative intensity 
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TABLE 46 26 VALUES , ASSIGNMENTS, AND RELATIVE INTENSITIES FOR THE X-RAY 

DIFFRACTION SPECTRA OF THE 1:1 MOLE RATIO (K-DAWSONITE/Snl i) 
PHYSICAL MIXTURE AND CALCINED PRODUCT 


l 

Physical Mixture 1:1 Mole Ratio Calcined Product 1:1 Mole Ratio 

26 Assignment Relative 26 (lit.) 29 (obs.) Assignment Relative 

Intensity Intensity 


15.94 

KD** 

14 

21.78 

2 ? .73 

KI 

47 

16.19 

Snl4 

9 

25.13 

25.17 

Snl 4 

100 




25.23 


KI 


17.72 

Snl4 

14 

26.60 

26.58 

Sn02 

11 

21.74 

KD 

7 

29.09 

29.08 

Snl4 

7 

25.20 

Snl 4 

100 

33.90 

33.90 

Sn02 

6 

26.48 

KD 

8 

35.95 

35.93 

KI 

63 

28.38 

KD 

12 

41.62 

41.58 

Snl 4 

10 

29.15 

Snl4 

12 

42.42 

42.43 

KI 

28 

30.88 

KD 

2 

44.43 

44.33 

KI 

26 

31.82 

KD 

6 

49.24 

49.25 

Snl4 

5 

32.33 

KD 

4 





33.48 

Snl4 

4 





34.30 

Snl 4 

4 





35.70 

KD 

9 





35.93 


9 





39.60 

Snl4 

4 





41.65 

Snl 4 

26 





41.75 

KD 

13 





45.60 

KD 

7 





49.25 

Snl4 

12 
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TABLE 47 26 VALUES AND RELATIVE INTENSITIES FOR TOE X-RAY DIFFRACTION 

SPECTRUM OF THE 4:1 MOL£ RATIO (K-DftWSONITE/Snlj) CALCINED 
, PRODUCT 


26 

(literature)* 

26 

(observed) 

Assignment 

Relative 

Intensity 

21.78 

21.76 

KI 

40 

25.23 

25.20 

KI 

100 

26. 60 

26.57 

Sn02 

10 

33.90 

33.93 

Sn0 2 

3 

35.95 

35.92 

KI 

85 

42.42 

42.40 

KI 

30 

44.43 

44.40 

KI 

20 


* The relative intensities are taken from the indexed ASTM catalog card 
number 4-0471 for KI and 21-1250 for Sn02 
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TABLE 48 


20 VALUES AND RELATIVE INTENSITIES FOR THE X-RAY DIFFRACTION 
SPECTRUM OF THE 2:1 MOLE RATIO (K-DAWSCNITE/Snla) CALCINED 

PRODUCT 


20 

(literature) 11 ' 

20 

(observed) 

Assignment 

Relative 

Intensity 

21.78 

21.75 

KI 

40 

25.13 


Snl4 


25.23 

25.17 

KI 

100 

26.60 

26.56 

Sn0 2 

8 

29.09 

29.08 

Snl 4 

12 

33.90 

33.90 

bn0 2 

6 

35.95 

35.95 

KI 

85 

41.62 

41.58 

Snl4 

20 

42.42 

42.44 

KI 

32 

44.43 

44.40 

KI 

27 

49.24 

49.25 

Snl4 

15 


* 


The relative intensities are taken from the indexed ASTM catalog card 
number 4-0471 for KI, 21-1250 for Sn02# and 6-0232 for Snl 4 


TABLE 49 


29 VALUES AND RELATIVE IMENSITIES FOR TOE X-RAY DIFFRACTION 
SPECTRUM OF THE 5:1 MOLE RATIO (K-DftWS0NITE/5nId) CALCINED 

PRODUCT 


29 

(literature)* 

29 

(observed) 

Assignment 

Relative 

Intensity 

21.78 

21.76 

KI 

42 

25.23 

25.22 

KI 

100 

26.60 

26.60 

SnC>2 

8 

33.90 

33.92 

Sn02 

6 

35.95 

35.94 

KI 

80 

42.42 

42.40 

KI 

25 

44.43 

44.45 

KI 

23 


★ 


The relative intensities are taken from the indexed ASTM catalog card 
number 4-0471 for KI and 21-1250 for SnC>2. 
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TABLE 50 26 VALUES AND RELATIVE INTENSITIES FOR TOE X-RAY DIFFRACTION 

SPECTRUM OF THE 8;1 MOLE RATIO ( K-DftWSONITE/Snl A ) CALCINED 

PRODUCT 


26 

(literature) 

26 

(observed) 

Assignment 

Relative 

Intensity 

21.78 

21.82 

KI 

35 

25.23 

25.25 

KI 

100 

26.60 

26.58 

Sn0 2 

10 

28.33 

28.35 

KD 

8 

33.90 

33.90 

Sn0 2 

8 . 

35.95 

35.98 

KI 

80 

41.73 

41.75 

KD 

5 

42.42 

42.45 

KI 

22 

44.43 

44.42 

KI 

18 

45.56 

45.55 

KD 

5 


* The relative intensities are taken from the indexed ASTM catalog card 
number 4-0471 for KI, 21-1250 for Sn0 2 , and 6-0232 for Snl 4 . 

20 literature values for KD (potassium dawsonite) are from Table 2. 
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TABLE 51 


28 VALUES , CORRESPONDING M d w SPACINGS AND RELATIVE INTENSITIES 
FOR THE X-RAY DIFFRACTION SPECTRUM OF POTASSIUM IODIDE 


AND STANNIC OXIDE 



KI* 



Sn0 2 * 


d Spacing 

20 

Relative 

Intensity 

d Spacing 

20 

Relative 

Intensity 


4.08 

21.78 

42 

3.35 

26.60 

100 

3.53 

25.23 

100 

2.644 

33.90 

80 

2.498 

35.95 

70 

2. 169 

37.98 

25 

2.131 

42.42 

29 




2.039 

44.43 

27 




1.767 

51,73 

15 





*"d" spacing and relative intensities for KI and Sn02 are from indexed 
ASTM catalog card nuntoers 4-0471 and 21-1250 respectively. 20 values were 
calculated using a lambda value of 1.5418. 



2 









Chemical Analysis : The purity of the calcined potassium Dawson ite and the 
laboratory preparation of Snl 4 as determined by chemical analysis gave re- 
sults' in good agreement with theoretical values. Also, Snl 2 as obtained 
from ROC/RIC supplier was analyzed. Refer to Table 36 for experimental and 
and theoretical values. 

A chemical determination was performed on the 4:1, 5:1, and 8:1 calcined 
products for total water soluble iodine content. The total water soluble 
iodine of the 4:1 calcined product, expressed as KI, was determined to be 
61.10% of the total weight. The theoretical value for total iodine, 
calculated as KI, is 60.88%. The other calcined products of mole ratios 5:1 
and 8:1 had total KI by weight 54.79% and 39.28%, respectively. The cor- 
responding theoretical values for total KI are 53,09% and 38.36%. 


Separation of Components of 1:1 Mole Ratio (K-Dawsonite/Tin(IV) Iodide) 
Calcined Product : The components of the 1:1 calcined product were separated 
and purified by solvent extraction. Unreacted Snl 4 was extracted with hot 
carbon tetrachloride crystallized upon cooling. Product potassium iodide 
was extracted with cold water; the residue phase contained insoluble 
aluminum and tin components. The X-ray diffraction pattern of these phases 
was recorded and is shown in Table 52. 



209 


l 

TABLE 52 2 8 VALUES AND RELATIVE INTENSITIES FOR TOE X-RAY DIFFRACTION 

SPECTRUM OF THE 1:1 MOLE RATIO (K-DAWSONITE/Snlj ) CALCIN ED 
PRODUCT - BOTH EXTRACTED AND RESIDUE PHASES 


Compound B (Snl 4 ) Conpound C (Residue Phase) 


26 

(lit.)# 

26 

(obs. ) 

Assignment Relative* 
Intensity 

26 

(lit. 

26 

)# (obs. 

Assignment 

) 

Relative* 

Intensity 

16. \4 

16.18 

Snl 4 

12 

26.60 

26.58 

Sn0 2 

100 

17.70 

17.73 

Snl 4 

14 

33.90 

33.86 

SnC >2 

80 

25.13 

25.15 

Snl 4 

100 

37.98 

37.92 

Sn0 2 

20 

26.18 

26.20 

Snl 4 

4 





27.19 

27.25 

Snl 4 

3 


Component D (KI) 


29.09 

29.09 

Snl 4 

22 

26 

26 

Assignment Relative* 

31.78 

31.82 

Snl 4 

4 





33.46 

33.48 

Snl 4 

8 

21.78 

21.80 

KI 

50 

34.26 

34.30 

Snl 4 

7 

25.23 

25.25 

KI 

100 

40.24 

40.25 

Snl 4 

3 

35.95 

35.98 

KI 

65 

41.62 

41.64 

Snl 4 

52 

42.42 

42.46 

KI 

18 

49.24 

49.27 

Snl 4 

20 

44.43 

44.45 

KI 

16 


# 20 (lit.) values are taken from indexed AS1M catalog cards. 


( 
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The Iodine Content of the Potassium Bicarbonate/Alumlnum Hydroxide/Potass ium 
Iodide Calcined Product : The iodine content, expressed as KI, was determined 
by chemical methods. The results of total KI measured as 8.54% compared to a 
theoretical value of 8.74% are in good agreement with each other. The alumi- 
num and carbonate content were also determined. The experimentally determi- 
ned value of A1 was 17.51% conpared to a theoretical value of 16.86%. Total 
carbonate was measured as 36.77% compared to a theoretical value of 37.49%. 
Ihe 20 assignments for the above calcined product are shown in Table 53. 


IV. DISCUSSION 


Synthesis of Stannic and Stannous Iodides and the Calcined Products of 
Potass ium-Dawsoni te/Tin ( IV) Iodide : Although, as documented elsewhere in 
this report, premising results from static as well as dynamic testing of re- 
ignition retardant efficacy had been obtained using calcined KD/SnI x , 
where "x" had been presumed to be two, preliminary X-ray diffraction and TGA 
studies indicated that the resultant material was ccnparable to that obtain- 
ed by calcination of KD/Snl4. Consequently, further study of the environ- 
mentally sensitive & unstable KD/Snl2 system was contra-indicated, since 
the stannous iodide readily oxidized to Snl4, probably according to the 
following reaction: 


2SnI 2 + 0 2 


» Snl4 + Sr©2 
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TABLE 53 28 VALUES AND RELATIVE INTENSITIES FOR TOE X-RAY DIFFRACTION 

SPECTRUM OF THE KHCOt/A1(OK) VKI CALCINED PRODUCT 


26 

( literature )* 

28 

* (observed) 

Assignment 

Relative 

Intensity 

15.89 

15.89 

KD 

65 

21.65 

21.68 

KD 

45 

21.78 

21.80 

K t 

60 

25.23 

25.22 

KI 

100 

26.46 

26.45 

KD 

50 

28.33 

28.35 

KD 

65 

30.92 

30.90 

KD 

10 

31.73 

31.72 

KD 

30 

32.11 

32.13 

KD 

25 

33.92 

33.95 

KD 

22 

35.71 

35.72 

KD 

55 

35.95 

35.95 

KI 

80 

41.73 

41.70 

KD 

25 

42.42 

42.45 

KI 

20 

44.43 

44.42 

KI 

25 

45.56 

45.55 

KD 

45 


* 


20 literature values are taken from the indexed ASTM catalog card 
number 4-0471 for KI, 28 literature values for KD are from Table 45 
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Stannic iodide was considerably more stable than stannous iodide. The 
calcined products of mole ratios 1:1 and 2:1 K-dawsonite/Snl 4 were non- 
white in color whereas the 5:1 and 8:1 calcined products were white in 
oolor. This seems to indicate an excess of Snl 4 in the 1:1 and 2:1 
products and an excess of potassium dawsonite in the 5:1 and 8:1 products. 

Calcination of Aluminum Hydroxide/Potassium Carbonate with KI s The 
calcination reaction with the above components was carried out using the 
same conditions as used in the potassium Dawsonite synthesis. The weight 
loss after calcination was equivalent to one mole water loss, thus indica- 
ting potassium Dawsonite formation. The reaction proceeded as follows: 

Al( 0 H )3 + KHOO 3 + KI » KA 10 ( 0 H)HC 03 + KI + HjO 

Instrumental Analysis - Infrared Spectroscopy (IR) : From Figures 44 and 45 
it becomes clear that potassium Dawsonite is the limiting reactant for the 
1:1 and 2:1 calcined products, whereas potassium Dawsonite is in excess in 
the 5:1 and 8:1 calcined products, with Snl 4 being toe limiting reactant. 
The 4:1 calcined product is in the marginal zone with potassium Dawsonite 
only in a very slight excess. This might be due to inconplete reaction. 
The stoichiometry of potassium Dawsonite/Snl 4 reaction appears to be in 
the mole ratio of 4:1 K-Dawsonite/Snl 4 . Fran Figure 46, the 4:1 calcined 
product appears to be a mixture of Boehm! te (AIO(OH) ) and stannic acid and- 
/or stannic oxide. Potassium and iodine are not accounted tor via IR, and 
X-ray spectrometry was used to identify the potassium and iodine species. 


Instrumental Analysis - Thermogravimetric Analysis : Potassium Dawson ite was 
v’ashed free of excess bicarbonate with cold water. The deconposition peak at 
150°C in Figure 47 is due to a small excess of bicarbonate. After washing 
with water the soluble bicarbonate was absent and the decomposition peak at 
150°C is no longer present. The two other peaks that remain even after 
washing are due to potassium Daw son ite decomposition. One peak occurs at 
365°C and the other at 745°C. Both are due to H 2 O and CO 2 loss. The 
final residue from potassium Dawsoni te decomposition is KAIO 2 . Figure 43 
shows a weight loss for SnI* which occurs over a snail tenperature range. 
Snl 2 ha< 3 some Snl 4 impurity and two weight loss peaks appeared. 

All of the calcined products show a prominent potassium iodide weight 
loss peak at 750-900°C. The 1:1 and 2:1 calcined products have an excess of 
Snl 4 as shown by the weight loss peak at 170-240°C. Potassium Dawsonite 
decomposition peaks appear in the 5:1 and 8:1 products. This indicates that 
Snl 4 th© limiting reactant for the 5:1 and 8:1 reactions and potassium 
dawsonite is the limiting reactant for the 1:1 and 2:1 mole ratio reactions. 
The 4:1 calcined product is in the transition zone between these two limit- 
ing reactants and this is probably where the stoichiometry of the reaction 
occurs. The 4:1 calcined product appears to contain potassium iodide, stan- 
nic acid and possibly some AlO(OH). This is shown in Figures 49 and 50. 
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Instrumental Analysis - X-ray Diffraction Analysis : All of the major 20 
peaks for the 1:1, 2:1, 4:1, 5:1, and 8:1 calcined products have been iden- 
tified and are in Tables 46 through 50. The 1:1 and 2:1 calcined products 
show a small excess of Snl 4 with diffraction peaks at 28 values of 29.08, 
41.58, and 49.25. The major 28 peak at 25.17 is occluded by the major pot- 
assium iodide peak at 25.23. The 4:1, 5:1, and 8:1 calcined products do not 
show any Snl 4 diffraction peaks. Potassium Dawsonite X-ray diffraction 
peaks do appear at 28 value of 28.35, 41.75, and 45.55 in the 8:1 calcined 
product. Potassium Dawsonite was not detectable in the other calcined 
products. All of the calcined products show major 29 value belonging to 
potassium iodide. The 4:1 calcined product shows only potassium iodide and 
stannic oxide 20 reflection values. The 4:1 product appears to consist of 
potassium iodide and stannic oxide. The alumina phase must be amorphous 
because no reflection values could be found for AIO(OH), although A10(0H) 
was detected by infrared spectroscopy. Figure 53 shows the starting react- 
ants Snl 4 and potassium Dawsonite, and the products obtained by calcin- 
ation, KI and S 11 O 2 . The 2:1 product has excess Snl 4 and the 8:1 product 
has excess potassium Dawsonite. The 4:1 mole ratio appears to be the cor- 
rect stoichiometry for the potassium Dawsonite - Snl^ reaction. 


Chemical Analysis : The potassium iodide content of the 4:1, 5:1, and 8:1 
calcined products were in good agreement with theoretical values for KI, 
therefore KI appears to be the iodide component of the calcined products. 
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Separation of Component* of 1:1 Mole Ratio (K-Dawsonite/rin(IV) Iodide) 
Calcined Product : Three continents or sets of conponents were separated 
from the 1:1 calcined product. One conponent was pure S11I4, the second 
component was potassium iodide and the third component, which was mostly 
amorphous, was SrC^xHjjO and AIO(OH). Table 52 shows the 26 values 
for the X-ray diffraction of these conponents. This 1:1 calcined product 
had potassium Dawsonite as its limiting reactant, therefore Snl4 was in 
excess after the reaction. The AlO(OH), stannic acid and/or stannic oxide 
and potassium iodide were formed during calcination. 


The Iodine Content of the Potassium Carbona :e/Aluminum Hydroxide/Potassium 
Iodide Calcined Product : Efctassium iodide did not interfere with the 

formation of potassium dawsonite when the starting reactants were KHCO 3 , 
A1 (OH ) 3 , and KI. Table 53 supports this conclusion. Only potassium 
Dawsonite and potassium iodide are observed in the X-ray diffraction 
spectrum. The iodine content of the calcined product, measured as KI, is in 
good agreement with the theoretical value of KI. 



(V) CONCLUSION 

A new interstitial guest/host type of compound was not formed by the 
calcination of K-Dawsonite and Snl4/ rather, the resultant mixture under- 
went a reaction to form a new iodide specie, ne stoichiometry of the 
K-Dawsonite/Snl4 reaction is in the mole ratio of 4:1 (K-dawsonite/ 
Snl4). The overall reaction proceeds according to the following aquation: 

4KA1(0H) 2 003 ♦ Snl4 > 4KI + 4AlO(OH) + SnC>2*xH20 + 

4CX>2 ♦ (2-x)H20 

The KI is a crystalline phase and appears as the prominent part of the 
X-ray diffraction spectrum. The stannic acid (Sn0 2 *2H2C) has some 
crystalline characteristics and appears as Sn0 2 in the X-ray diffraction 
powder pattern. AlO(OH) appears to be amorphous. It has a strong IR 
spectrum but fails to show any diffraction pattern in the X-ray analysis. 

Potafisium Dawsonite can be directly synthesized from Al(0H)3 and 
KHCO3 * n the presence of KI. The long re-ignition delay times achieved 
with K-Dawsonite/Kl calcined mixture may be die to the slow release of 
iodide into the cocrhustion zone. As the flame or heat penetrates the 
K-Dawsonite the iodide volatilization is suppressed by the endothermic 
decomposition of the potassium Dawsonite; contiguous adhesion of the radical 
to the potassium Dawsonite by enclathration would optimize thermal exchange 
between the two phases. 
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V. DYNAMIC TESTING WITH SIMULATED AIR FLOW * 

To provide further data, over and above those from the Static Combustion 

Assemblage , and to more closely simulate conditions that would obtain in an 

aircraft engine nacelle in flight, a second experimental assemblage was de- 
« 

signed and built. In this second assemblage, the additional variable of air 
velocity across the heated plate surface was included, and a design fabri- 
cated that allowed this variable to take values in the range zero to approx- 
imately 50 m/sec. Materials recommended from the Static Assemblage testing 

phase, recommended by the Arthur D. Little Report, and materials available 
commercially, were tested in this Dynamic Assemblage, at air velocities up 
to ca. 150 ft/sec (36 ny'sec), and temperatures of 800°C, with some materials 
tested at 900 °C. 

INTRODUCTION: In many or the cited references (1-25), some form of dynamic 

testing prevails. Details, given in References 17-19 provided much of the 

background for the design of our assemblage, and we have designed an as- 

semblage that offers greater dynamic range for the variables involved than 
in previous such facilities. Moreover, previous investigations have not 
included any data on the effectiveness of dry chemical extinguishants, but 
have concentrated on the effects of CO2 and various Halons. 

* Funded via NASA-Ames Research Grant NSG-2165 made to Professor 
D.J. Myronuk of the Civil Engineering Department of San Jose 
State University. 
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What was shown by previous investigators was the need for a sinple 
laboratory sized fire simulation system that allowed a combustible fuel to 
contact and ignite on a heated surface capable of holding the flame at sur- 
face air flow speeds that ranged from about 0 to 50 meters per second . A 
quantity of extinguishant dry chemical, liquid or gas injected well upstream 
of the active fire, would be carried by the air flow to the heated surface 
igniting the applied fuel, and would proceed to interfere with the flame 
reactions causing a fire "knock-down" . Following knock-down, a successful 
extinguishant candidate should also inhibit re-ignition of the fuel by con- 
tinued interference with the combustion processes. In this latter event, 
even though fuel continued to be applied to a heated surface which is cap- 
able of igniting the fuel at a known air flew over the surface, the ig- 
nition/combustion processes would be delayed for as long a period as pos- 
sible. In subsequent experiments, 20 seconds was selected as a delay time 
goal, when it became obvious that a combination of the following factors 
(i) surface cooling due to evaporating fuel, 

(;i) enhanced surface scouring by the air flew resulting in greater 
convective heat transfer losses, 

(iii) the relatively lew thermal conductivity of the heated surface 
material which results in a local lowering of the heated surface 
temperature to values that would no longer be adequate to ignite 
the fuel, 

would preclude re- ignition at any time beyond this limit (20 seconds), even 
if the extinguishant was quite ineffective. 
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The iirplied experimental approach precludes a catastrophic failure of an 
engine in a nacelle space, or burn-through of a combustion can leaving a mas- 
sive flame ignit ion-sour oe, or a continuous high energy spark capable of 
igniting virtually any fuel/air mixture. The simulation described in this 
report Mould more realistically represent a failed fuel, hydraulic or 
lubrication fluid line, spewing combustible fluid over heated engine 
surfaces or frictionally heated wheel/brake asserriblages leading to ignition 
and a potentially disastrous fire. The prime function then of a successful 
extinguishant candidate used in the nacelle-type fire simulator system was 
to be able to knock-down the initial fire and prevent its re-ignition for as 
long a period as possible, even though the oombustible fuel/air mixture 
continues to contact a heated surface capable of causing re- ignition. 

FACILITY CONSTRUCTION: A schematic view of the experimentally evolved 
dynamic fire simualtor system, with a close-up sketch of the heated surface, 
and multiple flame site generators on the surface, are shown in Figures 54, 
55, and 56. The final choice for the nacelle fire simulator heated surface 
utilized a one meter long section of 3 inch Schedule-80 stainless steel pipe 
internally heated with a propane/air flame. The heater had a separate ex- 
haust system. The upper, outer surface of the pipe was extensively drilled 
and threaded to accept 1.3 cm diameter threaded rods that projected from the 
outer surface and penetrated 2 cm into the interior of the pipe. Acting as 
thermally conductive pin fins, the rods help to conduct heat from the hotter 
regions of the air/propane flame to the outer surface of the stainless steel 
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SCHEMATIC OF SIMULATOR FOR NACELLE FIRES 


SCRUBBER 

EXHAUST 



OUT 


HIGHSPEED ELECTRIC OPEN TEST ftCTION SCRUBBER 

AIRBLOWER AIR PREHEATER HEATED SURFACE 


FIGURE 54 : A SCHEMATIC REPRESENTATION OF THE DYNAMIC FIRE TEST ASSEMBLAGE 

FOR EVALUATING TOE FIRE CONTROL PERFORMANCE OF GASEOUS, LIQUID 
AND SOLID EXTINGU I SHANTS 



BOUNDARY LAYER SEPARATOR 
A FLAME HOLDERS y 



FIGURE 55 ; ENLARGED VIEW OF THE HEATED c LTuTrtCE AND MULTIPLE IGNITION 

POINTS FGR THE DYNAMIC FIRE TEST ASSEMBLAGE 
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t 



two parallel rods to retain fuel 
ON CURVED OUTER MOT SURFACE 


FIGURE 56 : SCHEMATIC REPRESENTATION OF HEATED IGNITION SURFACE SHOWING 

THERMAL CONDUCTION PINS AND BOUNDARY LAYER SEPARATORS FOR THE 
MULTIPLE IGNITION POINTS 



(Assemblage is approximately 50 cm in length.) 


pipe through the pipe interior insulating boundary layer. Without the 
interior fins, the relatively low value for the thermal conductivity of 
stainless steel would allow too rapid a cooling of the exterior upper sur- 
face, which mandator ily had to remain hot enough to ignite the fuel applied 
to the surface. A simple trough and two parallel rods welded to the upper 
surface served to hold the fuel in intimate contact with the heated surface 
until the combustion process could be well established, especially at the 
higher air flows. A combination of exterior projections welded to the pipe, 
as well as the threaded holes for the pin fins (as opposed to welding the 
internal fins in place), served to minimize tube warpage due to the enormous 
thermal stresses which occurred when one third of the upper periphery of a 
horizontal red-hot (800°C) tube was being repeatedly sprayed with a cold 
liquid fuel, as well as being scoured by a high speed air stream over the 
upper third of the heated surface. The problem of thermal distortion of the 
heating surface as well as the containment channels and exhaust ducting was 
minimized by using smoothly curved sections or surfaces for their strength, 
while at the same time the sections were laterally supported, but were un- 
constrained in a longitudinal plane to allow motion of the thermally ex- 
panding or contracting parts. Sharp comers, or intersecting flat plates, 
tended to warp badly to the point of self destruction of welds or materials 
when temperature variation rates of more than 100°C per second were ex- 
perienced. 

A major system design problem that was successfully solved involved the 
selection of appropriate flame holders on the heated surface. When room 
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temperature air velocities were above a few meters per second and flowing 
over a smooth, visibly red hot stainless steel surface, it was virtually 
inpossible to ignite the JP-4 fuel by simply spraying it on to the hot sur- 
face as a liquid, or as a pre-mixed air/fuel mist. In order to ignite the 
fuel stream on the heated surface over which air was flowing (without any 
external spark or open flame source) a stagnation region must be generated 
in the smooth surface, and a combustible mixture of fuel and air retained in 
this region. In turn, the air-vapor mixture must be retained in contact 
with the heated surface until the combustion of the fuel becomes continuous. 
Sheet metal strips projecting through the boundary layer of the air flow 
over the heated surface were a sinple means of generating mixture stagna- 
tion, retention, and ignition zones over the heated surfaces. However, the 
geometry of such flame holders could range in description from random shards 
of torn metal or shrapnel, to carefully designed and located re-entrant 
cavities. Each variety could play a very significant role in any subsequent 
fire extinguishment operation, for if the flame holders were well designed 
(e.g., re-entrant and over-lapped, such as dcwnstream-facing cavities or 
conics) there was no reasonable way to extinguish an established flame with- 
out either cutting off the air or fuel supply, or using a great quantity of 
extinguishant naterial and flooding the entire fire zone hoping that some of 
the extinguishant penetrated the stagnation zone. On the other hand, a 
rude flat or curved sheet metal projection may act as an apparent flame 
nolder on or near a heated surface, especially if a combustible mixture and 
a source of flame were provided from some other area upstream of the flame 
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holder, or in the neighborhood of the flame holder. However, a vigorous 
puff of air could blow out the flames, and the inadequate stagnation zone 
would not allow re-ignition. In this case, fire knock-down would be 
immediate; however, chances were the extinguishant played a tiny role in the 
process, and measurements or observations of relative effects with other 
extinguishant agents would really have no meaning. A compromise solution to 
the problem of flame holder geometry involved a simple re-entrant variety 
with a flap facing downstream, allowing formation of a flame stagnation zone 
at all test-section channel air speeds, yet at the same time, it allowed 
some infiltration of extinguishant material into the stagnation burning 
zone. Perforations in the boundary layer separators allowed both air and 
extinguishant to slightly penetrate the cavity formed by the metal strip. 
Further, the perforation area was of such a value as to provide atmospheric 
pressure inside the cavity at all air flows over the top of the re-entrant 
stagnation cavity generators. With the modified multiple flame system, the 
minimum temperature for hot surface ignition of JP-4 fuel with very lay 
velocity air flows was of the order of 575 °C, and ignition occurred within a 
fraction of a second after application of the fuel to the hot surface. 

Initially a single flame holder on the heated surface in the air stream 
was used to begin the evaluation of extinguishants. In the subsequent re- 
view of 16 mm movie films of the various fire conditions, it was ooncluded 
that multiple fire locations would be much more representative of a nacelle 
fire than a single fuel/fire source. In this latter case, fuel was sprayed 
into the stagnation region of an appropriate boundary layer interrupter or 


separator. When an extinguishant agent was applied, fresh, non-deoonposed 
extinguishant would impinge on the single flame region and conditions for 
successful flame knock-down could be noted. However, a more stringent, re- 
presentative test of knock-down ability would result when there were multi- 
ple independent flames combined with an initial extinguishant agent con- 
centration decrease due to agent decomposition in the initial flame, as well 
as dilution in the open channel of the test section. In the modified fire 
simulator system, a vigorous flame was established in ac least three 
locations , but in addition, a further stream of fuel was sprayed into the 
air-stream just above the flame rcws on the heated surface. While the ini- 
tial investigation was to involve ait flaying at room temperature, a bank of 
resistance heaters could be used to preheat the flaying air stream, since it 
has been well established that a fuel can be more easily vaporized in heated 
air, and hot surface ignition will then occur more readily than for a cold 
air stream. 

For safety, a scrubber box was built to ingest and remove the flame com- 
bustion products, toxic decomposition products of the Halons (HBr, HC1, HF), 
as well as some dry chemical particulates. In addition, the box water-spray 
system cooled a potentially explosive fuel-air mixture that was formed in 
the test section after flame knock-down occurred, and prior to the operator 
turning off the fuel. A simple water-seal, coupled with blow-out panels and 
protective blast screens was designed to provide adequate personnel prot- 
ection from any minor fuel-air explosion in the scrubber box. 



EXPERIMENTAL MEOTQQOLOGIES: The following parameters were experimentally 


accessible with this Dynamic Fire Testing Assemblage! 

1. Zero-50 m/sec air flow velocities at 20°C and 1 atm. 

2. Zero-15 n\/sec air flow velocities at 100*C and 1 atm. 

3. Zero-450 g/sec mass flow rates. 

4. Stainless steel (Schedule-80 SS-32.1) heated surface, with 200 cm 2 
area, and ambient - 1050°C accessible tenpetrture range. 

5. Combustible fluids from JP-4, JM, Jet-A, Jf)t-B, and other vehi- 
cular fuels, to lubricating and hydraulic fluids, can be used at 
flow rates up to 250 ml/minute at low pressure capillary tube 
feeds, or 15-25 ml/minute via spray injection at 6.9 M Pa. 

6. Extinguishants can be: Powders at 0-60 g/sec; Liquids at 0-100 

g/sec; Gases at 0-100 g/sec. 

Specific agents were injected in single bursts, in a sequence of bursts or 
simultaneously with other solid, liquid, or gaseous agents. Combustion 
products, extinguishing agent decomposition products (HBr, HC1), and dry 
chemical particulates were removed by the scrubber box. In the immediate 
vicinity of the open flame section, some Halon decomposition products es- 
caped to the local atmosphere. Additional ventilation fans prevented these 
products from diffusing in the room and making contact with operating 
personnel who normally worked well away from the active burning region of 
the system. Figure 57 summarizes the general operational parameters for 
JP-4 burning on a heated stainless steel surface with room temperature air 
flowing over the heated surface, which is open to the atmosphere. It is be- 
lieved that these characteristics are representative of general hot surface 
ignition of hydrocarbons in a flowing air stream. 
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FIGURE 57: 


GgJERAL_QPERATING PARAMETERS FOR JP~ 4 FUEL T GNTTTPM A 
SURFACE AS A FUNCTION OF LOCAL AIR wr/rm 


HEATED 
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It was noted that the fuel did not ignite inmediately upon contacting 
the heated surface. The liquid first vaporized, and then the air/vapor mix- 
ture required adequate contact time with the hot surface before formation of 
a visible flame was seen to occur. At higher air flow velocities, even with 
the flame holders generating stagnation regions on the hot surface, the 
increased surface scouring by the turbulent air flow generating wakes and 
eddies caused an even greater delay in the ignition of the fuel. Now should 
ignition be delayed beyond a few seconds at any air flow, a combined effect 
of local surface cooling due to evaporating fuel as well as the high local 
air speed, would cause an additive effect that prevented air/vapor mixtures 
in the hot surface boundary layer from ever attaining a threshold ignition 
tenperature, and no self-ignition was observed. With increasing air 
speeds, higher hot surface temperatures were required to produce a fire. 
Finally, ignition tenperatures and air velocity relationships became quite 
independent above 850°C to 900°C. At this extreme condition any flame 
control required continuous applications or single injections of very Urge 
quantities of agent. 

For this particular simulator system, operational experience has led to 
the adoption of two parameter values; a fuel flew rate of 250 ml/minute (so 
that excessive quantities of applied evaporating fuel did not cool the en- 
tire heated surface to a point where local re- ignition could not occur), and 
an arbitrary upper limit to the re- ignition delay of 20 seconds. In this 
latter case, the stainless steel surface was cooled by evaporating fuel and 
surface convection to a point where the surface tenperature was no longer 
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capable of igniting the fuel. It is pertinent at this point to content on 
this choice of fuel flow rate: Liquid fuel was conducted from a pressurized 
container to the heated surface via capillary tubes, and the fuel released 
as a liquid into the stagnation region of a boundary layer separator acting 
as a surface flame holder. In the stagnation zone, film boiling heat trans- 
fer effects caused the liquid drops to evaporate, the resulting vapor was 
mixed with air, and the mixture retained in close contact with the heated 
surface until combustion occurred. It was possible, by varying the delivety 
pressure, to deliver from 0 to 1 litre of fuel per minute to the heated 
surface. However, at 1 litre/minute, regardless of the chosen air speed, 
fuel flooded the heated surface area and either totally quenched the heated 
surface, or it burned vigorously in the test area, and the downstream 
channel, and especially in the scrubber box. For lower fuel flow rates, 
e.g. 100 ml/minute, while providing an acceptable reference fire at low air 
speeds, at the mid range of system air speeds, the enhanced surface 
turbulence tended to cause a lean burning condi v ion, and at higher channel 
air flows, the flame sites were barely able to sustain their local fires. 
Our choice of 250 ml/minute fuel flew rate was am experimentally determined 
compromise that produced vigorous fires fueled from evaporating fuel patches 
in the boundary layer separations, and fuel/air mixtures that were not too 
rich at low air speeds (6 n/sec. ) and not too lean at the highest air speeds 
(36 m/sec.). 

It is significant to note that the usual designation of a system air- 
/fuel ratio is t*j longer applicable when a liquid fuel is being directed 
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onto a heated surface. Should the fuel be vaporized and pre-mixed upstream 
of the fire sites, then a bulk air-fuel ratio can be descriptive. For 
exairple at maximum air flow conditions, with vigorous burning the simulator 
system had an air-fuel ratio of about 100 to 1, which should be totally 
non-flammable I In reality, at each flane holder, local conditions of a 
vaporizing liquid/air interface can be assumed to exist. Preliminary re- 
sults also indicated that pre-heating the air stream to 100°C or 200 # C b. . 
no measurable effect on the hot surface ignition of the fuel, again at- 
tributed to direct channelling of the liquid fuel to the hot surface. If a 
fuel vapor-air mixture were formed upstream, however, pre-heating of the air 
would certainly result in a more stoichiometrically exact fuel-air mixture, 
which previous studies have shewn to be more easily ignited by a hot sur- 
face. 

Our design, and the intrinsic concept of multiple flasne sites proved to 
be a very important innovation. In real nacelle type fires, the specific 
location of the fire is not known. However, it is a safe assumption that 
there would be numerous flame sites in the nacelle space. At best, a cloud 
of extinguishant could be injected into the intake of the entire nacelle, 
and it is hoped that a small amount of the extinguishant would penetrate to 
the flame sites and extinguish them. But an agent which may be successful 
in knocking down one fire site (and by doing so, be erroneously labelled as 
effective) may be thermally or chemically deconposed by this process, and 
thus ineffective in knocking down other fires downstream. As a result, the 
original fire site can be re-ignited by the un-extinguished dewn-stream 
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flames. A more valid test of fire extinguishant capability, in our opinion, 
is the ability to knock -down a sequence of flame sites. The extinguishant 
performance data of the next section all involves fire control observations 
for multiple fire sites. 

An important aspect of extinguishant performance involves the formation 
(or lack of it) of a scale on the heated surface as a function of operating 
surface temperature. Be lew about 825°C there was very little noticeable 
surface oxide formation and subsequent spallation ("break-up") of the thin 
oxide layer. However at surface temperatures above 850°C, the oxide layer 
grows very thick and thermal expansion/contraction stresses and volume ex- 
pansion stresses result in noticeable spallation. Studies performed by 
Professor J. K. Tien et al. * revealed the formation of a thin protective 
layer of a spinel compound (FeO)o # 25( Cr 2°3)l.75 on the surface of 
austenitic stainless steel (like the heated surface in our fire simulator) 
at temperatures less them 1500°F (815°C). Surface oxidation was very 
limited. However, above 1500 °F, the spinel fractured and allowed rapid 
oxidation of the underlying chromium depleted iron-nickel alloy, which re- 
sulted in far less protective iron-nickel oxides. For ignition of jet fuels 
on heated stainless steel, Figure 83, it was noted that a minimum ignition- 
delay was found at the maximum surface oxide spallation condition, re- 
gardless of the air speed over the heated plate surface. Fracture of the 

* Private communication, later published as part of the "Report from the 
Columbia University School of Engineering and Applied Science and Re- 
search", #6, June 1973. 
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oxidation resistant spinel 'ayer was suspected of enhancing the fuel ig- 
nition/combustion process via catalytic action, yielding an inproved contact 
opportunity for the fuel on the oxidation prone surface. Subsequent 
investigations mandated keeping the heated surface at a tenperature just be- 
Icw the obvious spallation condition (labelled max T on Figure 83). Ob- 
viously, repeated excursions to surface temperatures exceeding 825°C would 
result in a surface chromium depletion, and a hysteresis effect was noted 
such that, upon reheating the test surface, higher surface tenperatures (25° 
to 7 5°C higher) were required to ignite the same fuels on a chromium de- 
pleted stainless steel surface. This latter effect was suspected of being 
caused by the rapid oxidation of the heated surface, followed by the oxides 
combining with silicon (used as Si 02 in extmguishant material flow 
agents) to form relatively adherent coatings on the hot surface (T < 850 a C). 
These coatings new protected the surface from further rapid oxidation/spal- 
lation, as well as interfering with ignition reactions, even after the sur- 
face had been cooled and then reheated. These surface accumulations were 
removed via surface sandblasting during the extinguishant performance com- 
parison tests. 


CHOICE OF TEST SYSTEMS: Since the majority of contemporary fire control 

systems use Halons as their working fluid, we have tested four of these 
liquid systems and compared their performance directly to gaseous OO 2 
injection systems. The four Halons chosen were those used for fire control 


234 


systems in different countries and different aircraft, and included Halons 
1011 (CH 2 BrCl), 1202 (CF 2 Br 2 ), 1211 (CF 2 BeC 1), and 1301 (CF 3 Br). 

Our choice of dry chemical agents to test depended on recommendations 
from different sources; firstly, systems recommended by data obtained from 
the Static Test Assemblage; secondly, systems available commercially 
(particularly where they are used for current technology fire control sys- 
tems); ar*3 thirdly, systems recomnended as being particularly effective from 
data obtained in a similar dynamic fire test assemblage designed, con- 
structed, and operated by the Arthur D. Little Corp. Thus, the dry 
chemicals tested included the following materials: 

1. Potassium bicarbonate based materials such as the Ansul Corpora- 
tion "Purple-K®", and a special high density formulation de- 
signated as "Ansul-X®". 

2. A specially prepared experimental potassium carbonate material 
commissioned from the Ansul Corporation, designed to minimize 
the hygroscopic properties of K 2 CO 3 via a judicious blend of 
additives. 

3. A special potassium bicarbonate-urea condensed polymer (loss of 
one water molecule per pair of reactant molecules) with an es- 
sentially "carbamate" structure marketed by I.C.I. Ltd. under 
their tradename of "Monnex®". 

4. A sodium bicarbonate based material irarketed by Ansul Corporation. 

5. A PyroChem Corporation product based on potassium chloride. 

6 . A lithium chloride-water eutectic slurry at 0. 8/1.0 mole ratio of 
LiCl/H 2 0 recommended by the A. D. Little Corporation. 



7. Potassium iodide, recommended both by A. D. Little and the Static 
Testing Assemblage Data, 

8 . Potassium dawsonite based materials, including potassium dawsonite 
' itself, and this compound doped with 10 % w/w of tin iodide, or 

potassium iodide, were tcoommended by Static Testing data. 

9. A special formulation of potassium dawsonite containing 10% w/W 
B 2 O 3 was recommended from the concept of attempting to provide 
adhesion between the powder and the hot surface in the presence of 
high local air velocities. Since B 2 O 3 melts at ca^ 500°C to 
provide a viscous glassy fluid, it was hoped that this would aid 
in "sticking" the potassium dawsonite to the hot surface, keeping 
it in the presence of the fire, and preventing it from being dis- 
lodged from the active zones by >150 ft/sec. air velocities. 

10. A special formulation of potassium dawsonite (KD) formed by cal- 
cination in the presence of 10% w/w KI was highly recommended by 
the Static Testing data, and was tested along with other KD 
materials. 

All powders were tested as received from commercial sources, or as 
prepared for static testing (details of powder preparation techniques have 
been given earlier). 
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PERFORMANCE DATA FOR VARIOUS DRY CHEMICALS: Performance data for various 
commercially supplied and synthetic/roagent dry chemical fire extinguishants 
are given in Tables 54 to 68 . The majority of chemicals were tested at hot 
surface temperatures of 800 °C, but three conpounds (Ansul Corp. K2CO3, 
and reagent grade KI and Li2CD3) were tested at 900°C. The choice of 
these three compounds for special testing procedures was made on the recom- 
mendation of data from the A. D. Little Corporation Study (for KI and 
Li;>C03), and from data obtained from the Dynamic Simulator at 800°C 
which indicated that Ansul Corporation K2CO3 was the mast effective 
agent tested. A hot surface at 900 °C provides an extreme test of fire con- 
trol performance (see Static Testing Assemblage data in Section III), al- 
lowing easy differentiation between apparently equivalent systems. A sum- 
mary of performance data for these materials based on their ability to con- 
trol multiple JP-4 fuel fires under conditions of high air-flow (36 nv/sec.) 
at 800°C, and rank-ordered in the listing according to the minimum mass of 
dry chemical needed to extinguish the flames, is given in Table 69. These 
data indicate, quite unambiguously, that the commercially prepared K2OO3 
is superior to commercially prepared KHQO3, and slightly better than the 
synthetic material obtained by calcining KD with 10% KI. However, this 
slightly improved performance for the commercial material can easily bc» ac- 
counted for by powder preparation techniques alone, since no special efforts 
were made to improve either particle size distribution effects, or bulk den- 
sity effects, in our synthetic material. 



TABLE 54 PERFORMANCE DATA FOR ANSUL 00. "PURPLE-K*" POTASSIUM BICARBONATE 


250 ml/minute JP-4 fuel flow to multiple ignition sites. 

Ambient air (30°C) flews to heated surface at various flow velocities. 
Stainless steel ignition surface at 800°C. 


Air-Flow 
Velocity 
(nv/sec) 
(note 1) 

Shot 

Mass 

(9) 

(note 2) 

"Knock-Down" 

observed? 

(note 3) 

Re- ignition 
Delay 
(seconds) 
(note 4) 

6 

10 

No 

mm 


20 

Yes 

17 


30 

Yes 

>20 

16 

10 

Close (5) 

0.5 


20 

Yes 

6 


30 

Yes 

>20 

23 

10 

Close (5) 

0.5 


20 

Yes 

>20 


30 

Yes 

>20 

36 

10 

No 



20 

Close (5) 

0.5 


30 

Yes 

2 


40 

Yes 

10 


50 

Yes 

>20 


(1) Flow volumes obtained by multiplying by 8.5 x 10~3 m^/sec . 

(2) Ejected with a 1 sec burst of compressed gas at 825 kPa ( ca. 120 psig). 

(3) Multiple flame sites (usually 3). 

(4) Time >20 seconds are essentially infinite in length. 

(5) See text for explanation of this term. 
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TABLE 55 PERFORMANCE DATA FOR ANSUL CO. "ANSUL-X*" POTASSIUM BICARBONATE 


250 ml/minute jp-4 fuel flow to multiple ignition sites. 

Ambient iir (30°C) flews to heated surface at various flow velocities. 
Stainless steel ignition surface at 800 # C. 


Air-Flow 
Velocity 
(nv/sec) 
{note 1) 

Shot 

Mass 

(g) 

(note 2) 

"Knock-Down" 

observed? 

(note 3) 

Re-ignition 
Delay 
(seconds) 
(note 4) 

6 

5 

Closet 5) 

0.5 


10 

Close 

1 


20 

Yes 

>20 

16 

10 

No 



20 

Yas 

>20 

23 

10 

NO 



20 

Close 

1 


30 

Yes 

>20 

36 

10 

NO 



20 

Close 

0.5 


30 

Yes 

>20 


(1) Flew volumes obtained by multiplying by 8.5 x 10 -3 m 3 /sec. 

(2) Ejected with a 1 sec burst of compressed gas at 825 kPa ( ca. 120 psig). 

(3) Multiple flame sites {usually 3). 

(4) Time >20 seconds are essentially infinite in length. 

(5) See text for explanation of this term. 

Note: All deposits were easily removed by a wire brush at conclusion of 

all testing procedures for this conpound. 



TABLE 56 PERFORMANCE DATA FOR ANSUL 00. SODIUM BICARBONATE 


250 ml/minute JP-4 fuel flow to multiple ignition sites. 

Ambient air (30®C) flows to heated surface at various flew velocities. 
Stainless steel ignition surface at 800°C. 


Air-Flow 

Shoe 

"Knock-Down" 

Re-ignition 

Velocity 

Mass 

observed? 

Delay 

(m/sec) 

(g) 


(seconds) 

(note 1) 

(note 2) 

(note 3) 

(note 4) 

6 

10 

No 



20 

Yes 

2 


30 

Yes 

>20 

16 

10 

No 



20 

Close(5) 

0.5 


30 

Yes 

>20 

23 

10 

No 



20 

No 

- 


30 

Yes 

2 


40 

Yes 

>20 

36 

10 

NO 

— 


20 

No 

- 


30 

NO 

- 


40 

No 

- 


50 

Close 

0.5 


60 

Yes 

>20 


(1) Flow volumes obtained by multiplying by 8.5 x 10” 3 m 3 /sec. 


(2) Ejected with a 1 sec burst of compressed gas at 825 kPa (120 psig). 

(3) Multiple flame sites (usually 3). 

(4) Time >20 seconds are essentially infinite in length. 

(5) See text for explanation of this term. 

Note: At higher air-velocities there are accumulations of powder in 

stagnation regions. No flakes or scale appeared to form on the 
surface, all deposits were easily removed by brushing. 
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TABLE 57 PERFORMANCE DATA FOR ANSUL 00. POTASSIUM CARBONATE 


250 ml/minute JP-4 fuel flow to multiple ignition sites. 

Ambient air (30°C) flows to heated surface at various flow velocities. 
Stainless steel ignition surface at 800°C. 


Air-Flow 
Velocity 
(ny'sec) 
(note 1) 

Shot 

Mass 

(g) 

(note 2) 

"Knock-Down'' 

observed? 

(note 3) 

Re-ignition 
Delay 
(seconds) 
(note 4) 

6 

5 

No 



7.5 

No 

- 


10 

No 

- 


20 

Yes 

2 


30 

Yes 

>20 

16 

5 

No 

.. 


7.5 

No 

- 


10 

Yes 

>20 


20 

Yes 

>20 

23 

5 

No 

_ 


7.5 

No 

- 


10 

Yes 

>20 


20 

Yes 

>20 

36 

5 

No 



7.5 

Yes 

>20 


10 

Yes 

>20 


20 

Yes 

>20 


(1) Flow volumes obtained by multiplying by 8.5 x 10“3 mVsec. 


(2) Ejected with a 1 sec burst of compressed gas at 825 kPa ( ca. 120 psig). 

(3) Multiple flame sites (usually 3). 

(4) Time >20 seconds are essentially infinite in length. 



TABLE 58 PERFORMANCE DATA FOR I.C.I. "MONNEJf", A CONDENSATION PRODUCT 

BETWEEN UREA AND POTASSIUM BICARBONATE* 


250 mi/minute JP-4 fuel flow to multiple ignition sites. 

Ambient air (30°C) flows to heated surface at various flow velocities. 
Stainless steel ignition surface at 800*C. 


Air-Flow 
Velocity 
(m/sec) 
(note 1) 

Shot 

Mass 

(g) 

(note 2) 

•'Knock-Down" 

observed? 

(note 3) 

Re-ignition 
Delay 
(seconds) 
(note 4) 

6 

5 

Close(5) 

0.5 


10 

y_3 

2 


20 

Yes 

>20 

16 

5 

Close 

0.5 


10 

Yes 

Yes 

23 

5 

NO 

— 


10 

Close 

0.5 


20 

Yes 

>20 

36 

5 

NO 



10 

No 

- 


20 

Yes 

>20 


(1) Flew volumes obtained by multiplying by 8.5 x 10“3 m^/sec. 


(2) Ejected with a 1 sec burst of compressed gas at 825 kPa ( ca, 120 psig). 

(3) Multiple flame sites (usually 3). 

(4) Time >20 seconds are essentially infinite in length. 

(5) See text for explanation of this teem. 

Note : This agent has a bulk volume that is ca, 10% greater than potassium 

bicarbonate. Snail amounts of scale formation were noted on the hot 
surface, and the residue from testing readily absorbed water. Residue 
removal was difficult, both on the hot surface, and after cooling to room 
temperature. 

* Essentially a carbamate structure. 



TABLE 59 PERFORMANCE DATA FOR PYROCHEM CO. POTASSIUM CHLORIDE 


250 ml/minute JIM fuel flow to multiple ignition jites. 

Ambient air (30°C) flows to heated surface at va rious flow velocities. 
Stainless steel ignition surface at 800*C. 


Air-Flow 
Velocity 
(m/sec) 
(note 1) 

Shot 

Mass 

(g) 

(note 2) 

’'Knock-Dawn’* 

observed? 

(note 3) 

Re-ignition 
Delay 
(seconds) 
(note 4) 

6 

5 

No 

mm 


10 

No 

- 


20 

No 



30 

Close( 5) 

0.5 

16 

5 

No 



10 

NO 

- 


20 

Close 

0.5 


30 

Yes 

>20 

23 

5 

No 

— 


10 

No 

- 


20 

Yes 

>20 


30 

Yes 

>20 

36 

5 

No 



10 

No 

- 


20 

No 

- 


30 

No 

- 


40 

Close 

0.5 


50 

Yes 

>20 


(1) Flow volumes obtained by multiplying number by 8.5 x 10” 3 m^/sec. 

(2) Ejected with a 1 sec burst of corpressed gas at 825 kPa ( ca. 120 psig). 

(3) Multiple flame sites (usually 3). 

(4) Time >20 seconds are essentially infinite in length. 

(5) See text for an explanation of this term. 

Note: After the test sequence, a glassy residue was noticed in all air 

stagnation regions on the heated surface. The residue readily dissolved in 
water and could be removed from the surface with a wire brush. 
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TABLE 60 PERFORMANCE DATA FOR AQUEOUS LITHIUM CHLORIDE SLURRIES * 


250 ml/minute JP-4 fuel flow to multiple ignition sites. 

Ambient air (30 # C) flows to heated surface at various flow velocities. 
Stainless steel ignition surface at 800 °C. 


Air-Flow 
Velocity 
(m/sec) 
(note 1) 

Shot 

Mass 

(g) 

(note 2) 

"Knock-Down" 

observed? 

(note 3) 

Re- ignition 
Delay 
(seconds) 
(note 4) 

6 

10 

No 



20 

No 

- 


30 

No 

- 


40 

No 

- 


50 

No 

- 


60 

No 

— 

16 

10 

No 



20 

No 

- 


60 

No 

- 

23 

10 

NO 

— 


20 

NO 

- 


60 

No 

- 

36 

10 

NO 

— 


20 

NO 

- 


30 

NO 

- 


40 

No 

mm 


50 

No 

- 


60 

NO 

** 


(1) Flow volumes obtained by multiplying number by 8.5 x 10“3 mVsec. 


(2) Ejected with a 1 sec burst of confessed gas at 825 kPa ( ca. 120 psig). 

(3) Multiple flame sites (usually 3). 

(4) Time >20 seconds are essentially infinite in length. 

Note: A white "cakey" residue remains on all cooler parts of system, none 
on hot surface. 

* (0. 8:1.0 LiCl/H20) 





TABLE 61 PERFORMANCE DATA FOR POTASSIUM DAWSONITE 


250 ml/minute JP-4 fuel flew to multiple ignition sites. 

Ambient air (30*C) flows to heated surface at various flow velocities. 
Stainless steel ignition surface at 800 # C. 


Air-Flcw 
Velocity 
(rn/sec) 
(note 1) 

Shot 

Mass 

( g ) 

(note 2) 

H Knock-Down M 

observed? 

(note 3) 

Re- ignition 
Delay 
(seconds) 
(note 4) 

6 

5 

No 

mm 


10 

No 

- 


20 

Close(5) 

0.5 


30 

Yes 

>20 

16 

5 

No 



10 

No 

- 


15 

Yes 

2 


20 

Yes 

>20 

23 

5 

NO 

mm 


10 

NO 

- 


20 

NO 



30 

Yes 

>20 

36 

5 

NO 



10 

NO 

- 


20 

NO 

- 


30 

Close 

0.5 


(1) Flow volumes obtained by multiplying number by 8.5 x 10"3 mVsec. 


(2) Ejected with a 1 sec burst of corrpressed gas at 825 kPa (ca^ 120 psig). 

(3) Multiple flame sites (usually 3). 

(4) Time >20 seconds are essentially infinite in length. 

(5) See text for explanation of this term. 
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TABLE 62 PERFORMANCE DATA FOR POTASSIUM DAWSONITE CONTAINING 
10% w/w BsO-h AS A PHYSICAL MIXTURE 


250 ml/minute JP-4 fuel flow to multiple ignition sites. 

Ambient air (30°C) flows to heated surface at various flew velocities. 
Stainless steel ignition surface at 800°C. 


Air-Flow 
Velocity 
(Vsec) 
(note 1 ) 

Shot 

Mass 

(g) 

(note 2 ) 

"Knock-Down * 1 2 3 4 5 

observed? 

(note 3) 

Re-ignition 
Delay 
(seconds) 
(note 4) 

6 

5 

No 



10 

No 

- 


15 

No 

- 


20 

Close(5) 

0.5 


20 (repeat) 

Yes 

>20 

16 

5 

No 

— 


10 

NO 

- 


15 

No 

M» 


20 

Yes 

>20 

23 

5 

NC 



10 

NO 

- 


15 

NO 

- 


20 

NO 

- 


30 

Close 

0.1 

36 

10 

NO 

— 


20 

NO 

- 


30 

NO 

- 


30 (repeat) 

Yes 

>20 


( 1 ) Flow volumes obtained by multiplying number by 8.5 x 10 “ 3 mVsec. 

(2) Ejected with a 1 sec burst of compressed gas at 825 kPa (ca^ 120 psig). 

(3) Multiple flame sites (usually 3). 

(4) Times >20 seconds are essentially infinite in length. 

(5) See text for explanation of this term. 

Note; No visible surface deposits or surface wetting was apparent at 800 °C. 
On cooling the small glassy remains of B 2 O 3 could be seen; these were 
very tenacious deposits and extremely difficult to remove, even by vigorous 
scraping. Glassy deposits were only really evident when >20g shot-masses 
were used. 


(' 
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TABLE 63 PERFORMANCE DATA FOR POTASSIUM nftWSONITE 

CONTAINING 10% w/w TIN IODIDE AS A PHYSICAL MIXTURE 


250 ml/minute JP-4 fuel flow to multiple ignition sites. 

Ambient air (30°C) flews to heated surface at various flow velocities. 
Stainless steel ignition surface at 800°C. 


Air-Flow 

Shot 

"Knock-Down" 

Re-ignition 

Velocity 

Mass 

observed? 

Delay 

(xn/sec) 

(g) 


(seconds) 

(note 1) 

(note 2) 

(note 3) 

(note 4) 

C> 

5 

NO 



10 

Close(5) 

0.5 


15 

Yes 

2 


15 (repeat) 

Yes 

>20 

16 

5 

No 



10 

Close 

0.5 


15 

Yes 

>20 

23 

5 

No 



10 

NO 

- 


15 

Close 

0.5 


20 

Yes 

>20 

36 

5 

No 



10 

NO 

- 


15 

Close 

0.5 


20 

Yes 

>20 


(1) Flow volumes obtained by multiplying number by 8.5 x 10“ 3 mVsec. 


(2) Ejected with a 1 sec burst of compressed gas at 825 kPa ( ca. 120 psig). 

(3) Multiple flame sites (usually 3). 

(4) Time >20 seconds are essentially infinite in length. 

(5) See text for explanation of this term. 
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TABLE 64 P ERFORMANCE DATA FOR POTASSIUM DftWSONITE 

CONTAINING 1C3 w/w POTASS I '"* IODIDE AS A PHYSICAL MIXTURE 


250 ml/minute JP-4 fuel flow to multiple ignition sites. 

Ambient air (30°C) flavs to heated surface at various flew velocities. 
Stainless steel ignition surface at 800°C. 


Air-Flow 
Velocity 
[m/sec) 
(note 1) 

Shot 

Mass 

(g) 

(note 2) 

"Knock-Down" 

observed? 

(note 3) 

Re- ignition 
Delay 
(seconds) 
(note 4) 

6 

5 

No 

mm 


10 

Close(5) 

0.5 


15 

Yes 

>20 

16 

5 

No 

— 


10 

No 

- 


15 

Close 

0.5 


20 

Yes 

>20 

23 

5 

NO 

— 


10 

NO 

- 


15 

No 

- 


20 

Yes 

>20 

36 

5 

NO 

- 


10 

No 

- 


15 

Close 

0.5 


20 

Yes 

>20 


(1) Flow volumes obtained by multiplying number by 8.5 x 10“ 3 m 3 /sec. 


(2) Ejected with a 1 sec burst of compressed gas at 825 kPa ( ca. 120 psig). 

(3) Multiple flame sites {usually 3). 

(4) Time >20 seconds are essentially infinite in length. 

(5) See text for explanation of this term. 



248 


TABLE 65 PERFORMANCE DATA FOR POTASSIUM DftWSONITE CALCINED WITH 
10% w/w POTASSIUM IODIDE 


250 ml/minute JP-4 fuel flow to multiple ignition sites. 

Ambient air (30°C) flows to heated surface at various flo* velocities. 
Stainless steel ignition surface at 800°C. 


Air-Flow 

Shot 

M Knock-Down M 

Re-ignition 

Velocity 

Mass 

observed? 

Delay 

(nv'sec) 

(g) 


(seconds) 

(note 1) 

(note 2) 

(note 3) 

(note 4) 

6 

5 

No 



10 

Close(5) 

0.5 


15 

Yes 

1 


20 

Yes 

>20 

16 

5 

No 



10 

No 

- 


15 

Yes 

>20 

23 

5 

No 



10 

Close 

0.5 


10 (repeat) 

Yes 

>20 


15 

Yes 

>20 

36 

5 

No 



10 

Close 

0.5 


10 (repeat) 

Yes 

>20 


15 

Yes 

>20 


(1) Flow volumes obtained by multiplying number by 8.5 x 10“ 3 mVsec. 


(2) Ejected with a 1 sec burst of compressed gas at 825 kPa ( ca. 120 psig). 

(3) Multiple flame sites (usually 3). 

(4) Time >20 seconds are essentially infinite in length. 

(5) See text for explanation of this term. 

Note: Even though iraterial contained significant quantities of KI, no 

corrosion effects were noted. 


visible surface deposits or 
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TABLE 66 PERFORMANCE DATA FOR ANSUL CO. POTASSIUM CARBONATE 


2S0 ml/minute JP-4 fuel flew to multiple ignition sites. 

Ambient air (30°C) flews to heated surface at various flow velocities. 
Stainless steel ignition surface at 900°C. 


Air-Flcw 
Veloci ty 
(n\/sec) 
(note 1) 

Shot 

Mass 

(g) 

(note 2) 

"Knock-Down" 

observed? 

(note 3) 

Re- ignition 
Delay 
(seconds) 
(note 4) 

6 

10 

No 



20 

Close(5) 

. 0.1 


30 

Close 

0.5 

16 

10 

No 



20 

No 

- 


30 

Close 

0.5 

23 

10 

No 



20 

Close 

0.5 


20 

No 

- 


30 

Close 

0.5 

36 

20 

No 



30 

No 

- 


40 

No 



(1) Flew volumes obtained by multiplying number by 8.5 x 10“3 mVsec. 


(2) Ejected with a 1 sec burst of conpressed gas at 825 kPa ( ca. 120 psig). 

(3) Multiple flame sites (usually 3). 

(4) Time >20 seconds are essentially infinite in length. 

(5) See text for explanation of this term. 


! 
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TABLE 67 PERFORMANCE DATA FOR POTASSIUM IODIDE 


250 ml/minute JP-4 fuel flow to multiple ignition sites. 

Ambient air (30°C) flews to heated surface at various flex* velocities. 
Stainless steel ignition surface at 900°C. 


Air-Flcw 

Shot 

"Knock-Down" 

Re-ignition 

Velocity 

Mass 

observed? 

Delay 

(nv/sec) 

(g) 


(seconds) 

(note 1) 

(note 2) 

(note 3) 

(note 4) 

6 

10 

No 



20 

No 

- 


30 

No 

- 


40 

Close(5) 

0.5 

16 

10 

No 

— 


20 

No 

- 


30 

No 

- 


40 

Close 

0.1 

23 

10 

No 



20 

NO 

— 


30 

NO 

- 


40 

Close 

0.1 

36 

10 

No 



20 

No 

- 


30 

No 

- 


40 

No 

** 


(1) Flow volumes obtained by multiplying number by 8.5 x 10“ 3 m 3 /sec. 


(2) Ejected with a 1 sec burst of compressed gas at 825 kPa ( ca. 120 psig). 

(3) Multiple flame sites (usually 3). 

(4) Time >20 seconds are essentially infinite in length. 

(5) See text for explanation of this term. 
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TABLE 68 PERFORMANCE DATA FOR LITHIUM CARBONATE 


250 ml/minute JIM fuel flew to multiple ignition sites. 

Ambient air (30°C) flews to heated surface at various flew velocities. 
Stainless steel ignition surface at 900°C. 


Air-Flcw 
Velocity 
(iVsec) 
(note 1) 

Shot 

Mass 

(g) 

(note 2) 

"Knock-Down" 

observed? 

(note 3) 

Re- ignition 
Delay 
(seconds) 
(note 4) 

6 

10 

No 



20 

No 

- 


30 

Close(5) 

0.5 


40 

Close 

0.5 

16 

10 

No 

MM 


20 

No 

- 


30 

No 

- 


40 

NO 

— 

23 

10 

No 

— 


20 

No 

- 


30 

No 

- 


40 

Close 

0.5 

36 

10 

NO 

_ 


20 

NO 

- 


30 

NO 

- 


40 

NO 



(1) Flow volumes obtained by multiplying number by 8.5 x 10“3 mVsec. 


(2) Ejected with a 1 sec burst of compressed gas at 825 kPa ( ca. 120 psig). 

(3) Multiple flame sites (usually 3). 

(4) Time >20 seconds are essentially infinite in length. 

(5) See text for explanation of this term. 
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TABLE 69 RA NK-ORDERED LISTING OF DRY CHEMICAL FIRE EXTINGUISHMENTS ACCORDING 
TO THEIR PERFORMANCE IN THE DYNAMIC SIMULATOR FIRE TEST ASSEMBLAGE 

250 ml/minute JP-4 fuel flow to multiple ignition sites. 

Ambient air (30°C) flows to heated surface at various flow velocities. 
Stainless steel ignition surface at 800°C. 

Rank estimated from data in previous tables , and based on the minimum 
quantity of material needed to produce "knock-down" at the highest air 


flow velocity used 

for testing. 



Rank 

Material 

Source 

Mass Comments 

Needed 

(g) 

1 

* 200 3 

Ansul Corp. 

7.5 

Hygroscopic, required >40g 
at 900 °C, experimental system. 

2 

KD*KI 

Synthetic material* 

* 10 

Calcined KD with 10% w/w KI 

3 

"Carbamate" 

I.C.I. "Monnex®" 

15 

KHC 03 -Urea condensed polymer 

4 

KD + KI 

Reagents/Synthes is 

17 

10% w/w KI mixed with KD 


KD + Snl x 

Reagents/Synthesis 

17 

10% w/w Snl x mixed with KD 

5 

KHOO 3 

Ansul "Purple-K®" 

25 



KHCO 3 

Ansul "X®" 

25 

Special high bulk density 
formulation of "Purple-K®" 

6 

KD + B 2 O 3 

Reagen ts/Syn thes i s 

30 

8^3 added to assist KD 
in adhering to heated plate 

7 

KD 

Synthesis 

35 


8 

KC1 

PyroChem Corp. 

45 


9 

NaHCC >3 

Ansul Corp. 

55 


10 

LiCl/H 2 0 

Slurry 

Reagents 

>60 

Recommended by A. D. Little 
Corp. at 0. 8/1.0 mole ratio 
LiCl/H# 

X 

Li 2 C 03 

Reagents 

>40 

Only tested at 900 °C, 
recommended by A. D. Little Co. 

y 

KI 

Reagents 

>40 

Only tested at 900 °C, recom- 
mended by both A. D. Little Co 
and Static Testing Assemblage. 


* Synthetic materials prepared as indicated in previous section. 


Tin (II) iodide purchased from commercial sources was found to be 
significantly contaminated with tin(IV) iodide. 
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DI SCUSSION OF DRY CHEMICAL PERFORMANCE LATA : An attcnpt was made to 
quantify the relative agent performances via an Extingushant Effectiveness 
Factor, EEF. The EEF was the numerical product of re- ignition delay tine in 
seconds; inverse mass of agent injected in grams -1 ; and an arbitrary 
"knock-down" factor whose value on a scale of 1 to 10 depended on the 
ability to initially knock-down the multiple flame sites. No knock-down 
ability was assigned a value of 1, complete knock-down a value of 10, and 
what evolved as an "almost" or "close to flame removal" situation was given 
a value of 5 for this arbitrary factor.* 

The mass injected was controlled at 5, .10, 15, 20, 30, 40, 50, and 60 
grams, no attenpt was made to make further divisions (e.g. 7 1/2 grams), 
hence an "almost" situation evolved when it was generally agreed by ob- 
servers that, while 10 grams of agent did not achieve flame knock-dcwn, 
flame intensity and/or visibility was markedly reduced, such that perhaps as 
little as an extra gram of agent would have achieved complete flame knock- 
down. In every case the dry chemical injection period was 1 second with 
dry nitrogen injection pressures of 825 kilopascals (about 120 psig). 

With regard to the values calculated for this EEF factor, the longest 
observed re- ignition delay t iro would be 20 seconds; the shortest observed 
time for momentary loss of visible flame was 0.5 seconds; and a lower bound 


* 


This situation is described as "CLOSE" in all data tables (Tables 
36-50), and a corresponding re- ignition delay of either 0.1 or 
0.5 seconds appears alongside this descriptive term. 
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delay time value for any agent effects at all on the flame (decreased in- 
tensity, some visible flame size reduction) was assigned a value of 0.1 
seconds. Hence for 5 g of any agent, the maximum EEF calculated would be 40 

9 

corresponding to the relationship: 

(20 seconds max delay) x (knock-down factor * 10) 

EEF * — > 40 

(5 grams injected) 

while for a minimally effective agent, a value of 0.02 for our EEF would be 
obtained, i.e.: 

0.1 seconds min delay x ( knock -dcwn factor 3 1) 

EEF * 0.02 

5 grams injected 

If a plot is made of EEF values against reciprocal mass needed to control 
the multiple JP-4 fuel fires at each air velocity across the plate, then an 
observed trend upwards and to the right indicates the more effective fire 
control agents. We have taken the mean data for each compound and plotted 
their calculated EEF values against reciprocal minimum mass (in g~* ) need- 
ed to control the fires set in our Dynamic Testing Assemblage, these data 
are shown in Figure 58. What emerges from Figure 58 is a behavior pattern 
that emphasizes the desirable features sought in an effective fire extin- 
guishant, namely, the ability of a small amount of agent to extinguish and 
control (inhibition) multiple location JP-4 fuel fires ignited via a hot 
surface. 


i 



CRAMS INJECTED 



GRAMS*’ INJECTED 


FI GURE 58 : RELATIVE EXTINGUISHANT PERFORMANCE FOR SOME DRY CHEMICALS 

TESTED IN THE DYNAMIC FIRE TEST ASSEMBLAGE 
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The test program did not involve studies of other factors relevant to a 
desirable extinguishing such as corrosion problems with the agent or its 
decomposition products, long teem s tor ability and thermal decomposition, 
contraction during storage, flow properties at high and low tenperatures, 
presssure, and humidity conditions, and any adverse biological effects 
attributable to the use of the particular agent at the site of the fire, or 
in loading/servicing any engineering system needed to inject the agent. 
Agents which brought about premature failure of the unsheathed chromel- 
alumel thermocouple leads heated to incandescence by the initial fire 
stream, or left tenacious surface deposits, or residues which made surface 
clean up difficult, were noted. Examples were KC 1 , K2003, and KHCO3 
based agents. On the other hand, a few non-commercial agents, notably some 
Dawsonite compounds, were easily brushed off the heated surface after sup- 
pressing the controlled fires. Thus, corrosion problems of engine surfaces 
will be minimized for these latter reagents. The limited extinguishant 
abilities of potassium chloride, and to an even lesser extent potassium 
iodide, lithium carbonate, sodium bicarbonate and sodium carbonate, are re- 
flected in their low EF.F values. At the same time, potassium carbonate, 
K2CD3, appeared to work well at lower values of mass injected; and it is 
interesting to note that injecting increased qwantites of material did not 
enhance the initial excellent fire suppression performance (plateau effect, 
similar to that noted in the Static Testing Assemblage) . The potassium 
bicarbonate based agent, "Ansul X®", demonstrated a similar trend, whereas 
nominally similar chemically based agents, "Purple-K®" and "Monnex®", 
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appeared to function more efficiently at high mass injections. These latter 
commercial extinguishing agents became reference standards of performance 
for new formulations. 

One of the experimented candidates, Potassium Dawson ite (KD), described 
in the earlier sections of this report, showed great promise in the Static 
Testing Assemblage although it was considerably less inpressive under more 
dynamic test conditions. The KD performance was markedly inproved by the 
addition of small quantities of potassium iodide or tin iodide. The EEF 
values for the KD plus tin iodide shown in Figure 8J confirmed its effec- 
tiveness as a potential fire control agent. Further, despite the addition 
of iodide compounds, the KD agent maintained its overall non-corrosive 
performance and relative ease of clean-up of the heated surfaces. 

PERFORMANCE DATA FOR VARIOUS HALONS: Fire control performance as measured 
by the magnitude of the observed re- ignition delay for Halon 1011, 1202, 
1211, and 1301, are given in Tables 70, 71, 72, and 73, respectively. For 
comparative purposes, similar test data for carbon dioxide are given in 
Table 74. We have summarized these data, and rank-ordered the compounds 
according to their performance in controlling fires at the highest air 
velocities (36 m/sec.), using a combination of minimum mass needed to 
extinguish the multiple flame sites and the minimum volume-% to acconplish 
these ends. These data are given in Table 75. 



TABLE 70 PERFORMANCE DATA FOR HALON 1011 (CHaB sCl)* 


250 ml/minute JP-4 fuel flow to multiple ignition sites. 

Ambient air (30°C) flows to heated surface at various flow velocities. 
Stainless steel ignition surface at 800 °C. 


Air-Flow 

Shot-Mass Size 

"Knock-down" 

Re- ignition 

Velocity 

(note 2) 

Observed? 

Delay (sec) 

(m/sec) 

Vol % 

Grams 



(note 1) 

Mixture 

Injected 

(note 3) 

(note 4) 


6 

11.8 

38.6 

Yes 

2 

16 

6.1 

55.6 

Yes 

1 

23 

5.3 

60.0 

Yes 

>20 

36 

3.6 

60.0 

Yes 

>20 


(1) Flow volumes obtained by multiplying number by 8.5 x 10*3 n»3/ seCt 

(2) A 1 second pulse of nitrogen gas used to atomize Halon. 

(3) Multiple flame sites (usually 3). 

(4) >20 seconds are essentially infinite re- ignition delays. 

* Molecular weight 129.4; Boiling BDint 67°C? Specific Gravity 1.93. 
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TABLE 71 


PERFORMANCE DATA FOR HALON 1202 (CFsBr?)* 


% 


250 ml/minute JP-4 fuel flew to multiple ignition sites. 

Ambient air (30°C) flows to heated surface at various flew velocities. 
Stainless i el ignition surface at 800°C. 


Air-Flcw 

Shot-Mass Size 

"Knock-down" 

Re-ignition 

Velocity 

(note 2) 

Observed? 

Delay (sec) 

(m/sec) 

Vol % 

Grams 



(note 1) 

Mixture 

Injected 

(note 3) 

(note 4) 


6 

4.3 

21.0 

Yes 

2 

16 

1.7 

24.5 

Yes 

1 

23 

1.6 

28.5 

Yes 

>20 

36 

1.5 

39.9 

Yes 

>20 


(1) Flow volumes obtained by multiplying number by 8.5 x 10“ 3 m 3 /sec. 

(2) A 1 sea>nd pulse of nitrogen gas used to atomize Halon. 

(3) Multiple flame sites (usually 3). 

(4) >20 seconds are essentially infinite re-ignition delays. 

* Molecular weight 209.8? Boiling Point 24°C? Specific Gravity 2.28. 


i 

i 

s 

I 
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TABLE 72 PERFORMANCE DATA FOR HALCN 1211 (CF 2 B 1 CI) * 


250 ml/minute JP-4 fuel flow to multiple ignition sites. 

Ambient air (30°C) flows to heated surface at various flow velocities. 
Stainless steel ignition surface at 80P°C. 


Air- Flow 

Shot-Mass Size 

"Knock-down" 

Re- ignition 

Velocity 

(note 2) 

Observed? 

Delay (sec) 

(n\/sec) 

Vol % 

Grams 



(note 1) 

Mixture 

Injected 

(note 3) 

(note 4) 


6 

6.0 

24.0 

Yes 

2 

16 

2.8 

32.0 

Yes 

1 

23 

2.6 

37.0 

Yes 

1 

36 

1.9 

40.0 

Yes 

>20 


(1) Flew volumes obtained by multiplying number by 8.5 x 10 “^ mVsec. 

(2) A 1 second pulse of nitrogen gas used to atomize Halon. 

(3) Multiple flame sites (usually 3). 

(4) >20 seconds are essentially infinite re- ignition delays. 

* Molecular weight 165.4? Boiling Point -3°C; Specific Gravity 1.83. 
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TABLE 73 PERFORMANCE DATA FOR HALCN 1301 (CF^Br) * 


250 ml/minute JP-4 fuel flew to multiple ignition sites. 

Ambient air (30°C) flows to heated surface at various flow velocities. 
Stainless steel ignition surface at 800 °C. 


Air-Flcw 

Shot-Mass Size 

"Knock-down" 

Re-ignitio! 

Velocity 

(note 2) 

Observed? 

Delay (sec 

(m/sec) 

Vol % 

Grams 



(note 1) 

Mixture 

Injected 

(note 3) 

(note 4) 

6 

2.6 

8.6 

No 



9.5 

34.5 

Yes 

2 


15.5 

60.0 

Yes 

3 


20.0 

83.0 

Yes 

4 

16 

0.9 

8.6 

NO 

— 


3.6 

34.5 

Yes 

2 


6.0 

60.0 

Yes 

2 


8.2 

83.0 

Yes 

3 

23 

0.7 

8.6 

No 

— 


2.8 

34.5 

No 

- 


4.7 

60.0 

Yes 

>20 


6.4 

83.0 

Yes 

>20 

36 

1.8 

34.5 

No 

— 


3.2 

60.0 

Yes 

>20 


4.3 

83.0 

Yes 

>20 


5.3 

104.0 

Yes 

>20 


(1) Flow volumes obtained by multiplying number by 8.5 x 10“3 mVsec. 

(2) A 1 seoond pulse of nitrogen gas used to atomize Halon. 

(3) Multiple flame sites (usually 3). 

(4) >20 seconds are essentially infinite re- ignition delays. 

* Molecular weight 148.9; Boiling Point 72°C; Specific Gravity 1.57. 
After continued injection, noticeable scale built up on the hot surface 
(probably iron bromide). This Halon is stable to 800°C. 
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TABLE 74 


PERFORMANCE DATA FOR CARBON DIOXIDE 


250 ml/minute JP-4 fuel fl<w to multiple ignition sites. 

Ambient air (30°C) flews to heated surface at various flow velocities. 
Stainless steel ignition surface at 800 # C. 


Air-Flow 

Shot-Mass Size 

"Knock-dcwn" 

Re-ignition 

Velocity 

(note 2 } 

Observed? 

Delay (sec) 

(m/sec) 

Vol % Grams* ** 



(note 1) 

Mixture Injected 

(note 3)* 

(note 4) 


1.5 

50 

24.8 

Yes 

- 

3 

34 

24.8 

NO 

- 

6 

20 

24.8 

No 

- 

16 

10 

24.8 

NO 

- 

23 

7 

24.8 

No 

- 

36 

5 

24.8 

NO 

— 


(1) Flow volumes obtained by multiplying number by 8.5 x 10“^ mVsec. 

(2) A 1 second pulse of nitrogen gas used to atomize Halon. 

(3) Multiple flame sites (usually 3). 

(4) >20 seoonds are essentially infinite re-ignition delays. 

* Continuous injection rate of 24.8 g/sec into flew stream. 

** Continuous suppression only as long as CO 2 gas flow maintained. 


1 
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TABLE 75 A RANK--ODERED LISTING OF HALONS ACCORDING TO THEIR PERFORMANCE AS 
FIRE CONTROL AGENTS IN THE DYNAMIC FIRE TEST ASSEMBLAGE 

1 


250 ml/minute JP-4 fuel flow to multiple flame sites. 

Local air velocities across heated plate surface at 36 m/sec. 
Stainless steel hot surface ignition source at 800°C, 


Rank 

Material 

Minimum 

Mass 

Needed* 

(g) 

Equivalent 

Minimum 

Volume-% 

1 

Halon 1202 

CF2Br2 

25 

2% 

2 

Halon 1211 

CFpBrCl 

40 

2.5% 

3 

Halon 1301 

CF^Br 

60 

3% 

4 

Halon 1011 

CH 2 BrCl 

60 

4.5% 


* Note that CO 2 under the same conditions will not extinguish the 
flame under conditions of continuous discharge at 25 g/sec. 


1 
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DISCUSSION OF HALON PERFORMANCE DATA: In general, gaseous agents, or well 
atomized liquid Halon extinguishants, demonstrated only slight ability to 
prevent re- ignition of the fuel after initial fire knock-down has been 
achieved, although knock-down capabilities are good. This reflects directly 
the enormous dilution effects caused by the air streams crossing the heated 
surface. The agents were injected into the flowing air stream of the 
Simulator, well upstream of the fire sites. As a function of agent con- 
tainer pressure, a calibrated quantity of material was delivered to a cyl- 
indrical injector pipe whose axis was parallel to the air flow and directed 
downstream. Prior to release of the agent, a pulse of nitrogen gas at 700 
kPa (100 psi) was used to atomize the liquid agent stream, and allow good 
mixing of the agent and nitrogen. Nitrogen flew began 0.2 seconds before 
the liquid flow, and continued 0.2 seconds after the agent flow was ter- 
minated at the solenoid valve. The quantity of nitrogen gas used did not 
have any observable effect by itself on the fire sites. However, a most 
interesting effect was noted that involved the magnitude of the nitrogen 
atomization pulse pressure and the performance of the various agents. 
Specifically, the nitrogen pulse driving pressures varied from 350 to 2000 
kPa (50 to 300 psi) and a measurable change in agent performance could be 
observed. For 1211 and 1202, the best extinguishant performance occurred 
with an atomization pressure of about 700 kPa to 900 kPa respectively; while 
Ha Ions 1011 and 1302 were about 25% more weight effective at about twice 
these atomization pulse pressures. On the other hand at higher nitrogen 
pressures, 1000 to 2000 kPa, the Halon 1211 weight effectiveness decreased 
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by at least 10 to 15%; i.e. more agent was required to knock down the 
reference fires when the nitrogen pulse pressure was raised to 1500 kPa. 
For Halon 1202, a higher nitrogen pulse pressure of about 900 kPa appeared 
to be the most effective for flame knock-down. For even higher atomization 
pulse pressures, the weight effectiveness of 1202 then declined, and about 
10% more agent was required for established flame knock-down performance. 

It hal been suggested that the higher the boiling point of the liquid 
agent (the boiling points for Halons 1011, 1202, and 1211 are 67°C, 24°C, 
and -3°C, respectively), the more atomization pressure is required to dis- 
perse the flowing liquid agent. Surface tension effects and viscosity 
variations probably enter the picture as well. Also, it was believed agent 
droplet size should be considered in greater detail. Observations of the 
free jet of Halon 1211 and the atomizing pulse of nitrogen gas at 700 kPa, 
shows that the jet plume contains visible droplets, mists and agent-vapor. 
The "throw" capability of this mixture was 3 to 4 meters. Here a measure of 
agent "threw" was to observe droplets inpinge and then evaporate from a flat 
black surface. At 1500 kPa, the free jet of agent and nitrogen was much 
more vigorous, well-mixed, and vaporized. However, no droplets were 
observed and the "throw" has decreased considerably (about 1 meter or so). 
For Halon 1011, the result of increasing the atomization pressure from 700 
to 2000 kPa, was to provide a better agent/nitrogen mixture, while 
maintaining a good proportion of droplets that yielded longer "threw" values 
at higher pressures unlike the behavior of Halon 1211 or to a lesser extent, 
Halon 1202. 
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Fran a dynamic £ire point of view, an extinguishing agent vapor has much 
less chance of penetration into the boundary layer where fuel and air are 
being combusted, than has a higher momentum-carrying droplet. The droplet 
then serves as a mechanism to transport the agent into the active combustion 
zone, where ensuing vapors can now interfere with the flame processes. With 
stratification of a fuel vapor/air mixture burning on a hot surface, the ex- 
tinguishing agent vapor alone has little probability of penetration into the 
burning zone. Agent vapors are transported by the air stream beyond the 
fire zones, where they serve no purpose. At the same time, if agent 
atomization is poor, the presence of droplets that are too large results in 
more rapid ini tied fall out of the agent from the fire air supply stream, 
and at the fire sites, discontinuous bombardment of the combustion zone. 
These locally scattered high agent-vapor concentrations are only partially 
successful in interfering with the flame chemistry and soon the combustion 
processes will have vigorously re-established themselves over the entire 
burning surface. The need for additional weight (more than twice the weight 
of 1202) of Halon 1301 agent (boiling point - 60°C with a room tenperature 
vapor pressure of about 3300 kPa) appears to substantiate the need to have 
some droplets capable of pentrating the flame boundary layers in order to 
interfere with flame radical chemistry. 

Each liquid extinguishant appears to have an optimum pressure for 
injection/atomization, that results in a good distribution of droplet sizes 
in the fire air supply stream for maximum weight effectiveness. For a 
dynamic fire, we conclude it is possible to apply a liquid agent such as 
Halon 1211 too vigorously, i.e. use of too high an injection pressure or use 
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of injection nozzles that promote too fine a particle atomization. As in 
the case of Halon 1011, too little mechanical atomization resulted in less 
than maximum performance. 

Halon 1011 which is a simple liquid at room temperature, was injected 
under pressure into the test section and finely atomized and dispersed by a 
simultaneous pulse of nitrogen gas. About 50 to 100% more Halon 1011 agent 
was required to perform the same fire extinguishing tasks as Halon 1211. In 
a few cases where Halon 1011 failed to knock down the vigorously burning 
multiple fires, it was suspected that some of the decomposition products 
from this Halon were capable of flashing and burning. An aluminum cowling, 
which had survived numerous hours of operational burning in the simulator, 
partially melted during what was suspected to be a unique instance of some 
additional energy release in the combustion zone. 

For general reference purposes only, CO2 was also tested in the 
Dynamic Fire Assemblage. It is important to note the difference in injec- 
tion techniques for CO2 compared to that adopted as a standard procedure 
for Halon application in the Facility. The CO2 was injected continuously 
such that the pre-dete mined concentration of CO2 and air by volume was 
reached at the fire site. Air speeds were low. Even at 30% volume mixture 
of CO2 and air, the multiple fire sites continued to bum vigorously. At 
40 to 50% 002/air concentrations, the fire could be knocked down and sup- 
pressed only as long as the high CO2 flew rate was maintained. The CO2 
capability is contrasted with, for example, Halon 1211 performance, wherein 
much smaller quantities of agent in a single injection creates a short plug 
of mixture in the flew stream that, upon reaching the fire sites, promptly 
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knocks down the flames. As the agent concentration rapidly dropped with the 
passing of the plug, the fire registers a slight delay, and then re-ignites. 
However, it may be assumed that the fire would remain suppressed if, upon 
achieving knock-down, the 1211 agent continued to be injected even in rather 
small concentrations. This suggests that for a fixed weight of ex- 
tinguishment, more effective fire control could be achieved with a series of 
pulses of agent injection rather than a single massive injection as is now 
the case in aircraft nacelle fires. The same method used to determine an 
extinguishant efficiency factor (EEF) for the Dry Chemicals was applied to 
the Halon agents and the mean results plotted in Figure 59. 

SUMMARY OF DYNAMIC TESTING DATA; Data obtained clearly indicate the super- 
iority of the calcined KD-KI dry chemical fire extinguishant synthesized 
by us, exhibiting both excellent knock-down performance and good inhibition 
effects, confirming the Static Testing Assemblage data for this compound. 
Also, addition of an arbitrarily chosen "sticking" agent (in an attenpt to 
counteract the severe scouring effects of high local air speeds across the 
heated plate surface) did seem to show some merit, in that 10 % B 2 O 3 
added to potassium dawsonite was judged to be slightly mare effective than 
KD alone. Similarly unambiguous evidence indicates that Halon 1202 is more 
effective than the other 3 Halons tested. However, even though knock-dcwn 
capabilities are excellent for these Halons, the severe volume dilution 
effects intrinsic to gaseous and/or liquid systems under conditions of high 
local air velocities, allows virtually no inhibition capability, and re- 
ignition delay times are minimal in all cases. 




FIRE EXTINGUISHANTS AS DETERMINED BY DATA FROM THE DKK AMjg 

FIRE TEST ASSEMBLAGE 
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VI, DISCUSSION AND CONCLUSIONS 

PROPERTIES NEEDED FOR EFFECTIVE FIRE CONTROL t The intrinsic properties Of 
gaseous and liquid fire control agents make them quite unsuitable for 
situations involving high air flow velocities due to the consequent dilution 
effects that operate. Thus, dry chemical systems, provided that they can be 
localized to the actual scene of the fire, provide a viable alternative. 
Since it is believed that the effective dry chemical agents act to control 
fire via chemical mechanisms and not via physical effects, the fire control 
process is a molecular one (chemical scavenging and interference with chain 
propagation processes). The chemical system of choice has to satisfy 
several criteria, which we find convenient to classify under two major sub- 
divisions, the Passive Phase, and the Active Phase, in fire control. 

Passive Phase Criteria for Dry Chemical Fire Extinguishants: Mandator i ly , 
the dry chemical system has to be formulated and then loaded into some form 
of discharge mechanism. It is probable that the chemical system will retrain 
in this stored state for a long period prior to discharge and subsequent 
use. These facets of formulation/.loading, storage, and discharge conprise 
the so-called Passive Phase of the fire control process, and necessarily 
involve severe restrictions on the choice of chemical system to be used. 

1. The chemical should be easily available, or capable of synthesis by 
a single stage process, in order to satisfy ecortomic restraints. 
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2. The chemical should be "processable" with respect to grinding, 
sieving, and optimization of bulk density, particle size distribution, and 
flow properties. 

3. ' The chemical should be non-toxic, or of minimum toxicity, to enable 
all steps in the processing and subsequent loading into an engineering sys- 
tem to be accomplished safely, both at the chemical synthesis plant, and 
locally at the extinguishant system site (aircraft engine nacelle). 

4. The chemical should be ncn-corros ive to the engineering system that 
will deliver it to the fire, so that special handling apparatus or specially 
lined containers and hoses are avoided. 

5. Storage of the chemical prior to use mandates that the chemical sys- 
tem shall not: 

5.1 Lose or gain weight significantly; thus precluding hygroscopic (water 
absorption) and efflorescent (water loss) solids, solids that react with 
water or air, solids that react with other conponents contained in them 
(matrix carrier reactions with solute dopants), and in particular, gas 
evolution shall be virtually non-existent. 

5_.j2 The material chosen has to be of limited volatility to obviate vapor 
pressure changes with ambient temperature. 

5.3 The material chosen has to be thermodynamically and kinetically stable 
with respect to chemical change to temperatures of 260°C, which is postulat- 
ed as the maximum probable temperature of any storage environment of a nor- 
mally operating engine nacelle of advanced aircraft. Less stringently, the 
chemir.U system must be stable down to -55°C, corresponding to the lowest 
probable ambient temperature of an engine nacelle in a parked aircraft. 
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5.4 The chcr.ii.cal solid, after grinding/sieving/loading operations has to be 
capable of being discharged via a compressed gas ejection system, implying 
that the powder will not cake, or throttle any discharge orifice (flew 
properties). 

6. The dry powder also has to be engineered to provide dispersion over 
the target region (particle size distribution), sufficient penetration 
(trajectory aspects and bulk density) to reach the seat of the ignition 
process, and still retain fluid properties (powder packing phenomena) to al- 
low complete discharge from the reservoir container. 

Active Phase Criteria for Pry Chemical Fire Extinguishants: The dry powder 
chemical fire extinguishant must provide two major properties, initial fire 
"knodk-dewn" , and long term inhibition. It is recognized that these two 
properties may be mutually exclusive as a worst case, and probably indepen- 
dent properties at best. It is probable that chemical fire suppress ion oc- 
curs via a scavenger intermediate derived from the extinguishant, this 
specie (or species) breaks the fire propagation chain that characterizes 
hydrocarbon oxidation equilibrium we recognize as the flame and/or ex- 
plosion. When the concentration of this scavenger (or scavenger set) 
reaches a critical minimum value, the fire can no longer propagate. When 
the extinguishant has been consumed ("exhaustion"), the concentration of 
this scavenger falls below the critical minimum value, and the flame 
re- ignites. If the extinguishant provides large concentrations of this 
scavenger early on, then rapid "knock-down" will occur, but the 
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extinguishant will be consumed rapidly and soon exhausted. However, if the 
extinguishant degrades slcwiy to give only small concentrations of this ac- 
tive scavenger, then the concentration will be maintained for long periods, 
the re-ignition process will not occur till the extinguishant has been ex- 
hausted, and long re-ignition delays will be observed. Note carefully, how- 
ever, that if the extinguishant degrades so slowly that the concentration of 
active scavenger is small, even though this ooncentation exceeds the criti- 
cal minijaun needed to extinguish the flame, the initial "knock-down" 
capability may be so impaired as to be non-observable. Of course, con- 
centration levels that do not even reach this critical value will produce 
neither knock-down nor inhibition. These effects will be severely ag- 
gravated by high air velocities and severe volume dilution effects con- 
sequent upon this factor, and concentrations of scavenger species may exceed 
this critical minimum on ar, averaged basis, but yet local and/or momentary 
concentration fluctuations will negate either or both of the "knock-dcwn" 
and inhibition functions. 

In addition to these two primary functions, other properties may become 
inportant. One such property is the ability of the dry powder to adhere to 
smooth hot surfaces scoured by up to 50 rr/sec local air velocities. Hence 
it may be necessary to induce some degree of "stickiness" in the powder via 
another minority compound. 

To retard the degradation of the extinguishant species that provides the 
active scavenger, particularly at high tenperatures , the matrix carrier 
should possess good thermal conductivity and an endothermic pyrolysis mode. 

C -<-f 
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It would also help if the degradation products from the matrix also act as 
fire control agents, by producing additional scavengers (chemical control), 
or by producing an inert gas blanket such as CO2 (physical control), or by 
being highly endothermic and providing local tenperature quenching effects 
(endothermic physical changes such as crystal decrepitation and crystal 
phase changes). From a practical standpoint, the majority degradation 
product from the system following pyrolysis should also be easy to clean up, 
and not cause severe corrosion of hot surfaces exposed to the dry chemical 
agent. Thus, powders that decompose to strongly acidic/basic products with 
deliquescent or hygroscopic properties will cause severe damage to exposed 
surfaces. 

CRITERIA FOR FIRE CONTROL PERFORMANCE: We find it convenient to classify 

fires into two types: Type I fires, typified by forest fires and dwelling 

fires, begin by an unspecified event and would burn until either their fuel 
supply is exhausted, or they are extinguished (deliberately or accident- 
ally). In particular, once extinguished, they are not expected to re-ignite 
spontaneously, since no continuous ignition source is present. Type II 
fires, typified by fuel fires in an engine compartment, are initiated by an 
ignition source which is present continuously, would re-ignite spontar 
eously if extinguished, and will continue to re-ignite after extinguishment 
as long as both fuel and ignition source remain. An obvious criterion of 
effectiveness for a fire control agent for Type I fires is "weight 
efficiency", where the smaller the quantity of agent needed to extinguish a 
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specified fire, the "better" the agent ("only milligrams needed to 
exting.ii.sh a forest fire", and an "index of performance" related to the 
quotient "exothermicity controlled/mass needed"). This is not a meaningful 
criterion for Type II fires, and it is suggested that the longer an agent 
can keep a flame extinguished in the presence of both ignition source and 
fuel supply the "better" the agent. Beyond this basic criterion, weight ef- 
ficiency factors can also be incorporated into an overall "index of perform- 
ance" defined in terms of the quotient: 

(Re-ignition delay induced) (exothermicity of fire controlled) 

(mass needed to induce delay) 

These factors are sumnarized schematically in Figure 60, 

SUITABILITY OF SYSTEMS TESTED: The rigorous storage requirements delineated 
in Table 1 allow us to eliminate all but two species from consideration. 
These two acceptable systems are potassium dawsonite (KD) containing various 
percentage compositions of potassium iodide as sinple physical mixtures 
(KDfKI), and potassium dawsonite calcined with KI (KD.KI ) , * The calcined 
solid appears to have a slightly better performance (as measured from the 
re- ignition delay induced in a standard fire). Moreover, since potassium 
dawsonite must be synthesized in the first place, and the most attractive 

* A marginally acceptable system could substitute sodium dawsonite as the 
major component in oil shale, and some solid sludges from water processing 
plants) for potassium dawsonite, but this will only satisfy current current 
storage requirements. However, economically, this nay be an attractive 
alternate to the special synthetic preparation of the potassium analog. 
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"Knock* down" Ability 

1. RAPID PRODUCTION OF FIRE CONTROL SPECIES 

2. RAPID DISPERSAL OF SPECIES THROUGHOUT FIRE ZONE 

3. WEIGHT EFFECTIVE FIRE CONTROL PROPERTIES 


"lnhibition"Characteristics 

1. RETENTION OF FIRE CONTROL SPECIES IN FIRE ZONE ITSELF 

2. CONTINUOUS GENERATION OF CONTROL SPECIES IN FIRE ZONE 

3. MAINTENANCE OF CRITICAL MINIMUM CONCENTRATION OF FIRE 
CONTROL SPECIES IN THE FIRE ZONE ITSLlF 



FIRE CONTROL BY 


CHEMICAL AGENTS 

X X 

Stability Under Storage 

1. NON VOLATILE, N0N-HYGR0SC0P1C, NON-Ef FLORESCENT 

2. CHEMICALLY INERT AT LOW TEMPERATURES (<?60*C) 

3. PHYSICALLY INERT AT LOW TEMPERATURES << 260*0 
A, NON-CORROSIVE TO STORAGE SYSTEM 


Discharge Behavior 

1. OPTIMIZATION OF BULK DENSITY, PARTICLE SIZE, AND 
FLOW AGENT ADDITIVES, FOR NON-CAKING, NON- THROTTLING 
EASY FLOW CHARACTERISTICS ON DISCHARGE 

2. "THROW" PROPERTIES FOR TRANSPORT TO FIRE ZONE 

3. “PENETRATION" PROPERTIES TO REACH SEAT OF FIRE 
A. NON-TOXIC OR MINIMUM TOXICITY UNDER FORMULATION, 

LOADING, AND DISCHARGE PHASES OF OPERATION 


FIGURE 60 : A SCHEMATIC REPRESENTATION OF THE CRITERIA NEEDED POR AN 

EFFECTIVE DRY CHEMICAL FIRE EXTINGUISHANT SYSTEM 
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synthetic method utilizes calcination, it is recommended that synthesis of 
KD be acoonplished via calcination in the presence of KI directly in one 
step. The final product, calcined KD.KI, exhibited superior fire control 
performance ii* both the static assemblage and the dynamic assemblage. This 
system also fulfills the other ancillary requirements involving minimum 
toxicity, easy clean-up after use, non-corrosive properties* (particularly 
to nagnesiunv^aluminum alloy engine casings prevalent in aircraft, and which 
are particularly prone to damage by caustic chemicals derived from Na or K 
compounds such as RH 003 which degrade to oxide/hydroxide species), and 
easy synthetic availability. 

It is pertinent to comment on some of the other systems tested, both 
from the viewpoint of data from the static assemblage, and from the com- 
plementary information available from the Dynamic Assemblage. 

Firstly, the concept of an additive designed to "localize" the dry 
powder to the scene of the fire in the presence of high velocity air flows 
is worth a brief comment. We selected arbitrarily to use a material known 
to form a viscous liquid (glass) at the tenperatures expected in the fire 
zone (500-900°C), and chose B 2 O 3 as a preliminary experimental system. 
Data clearly indicated that B 2 O 3 had virtually no fire fighting ability 
of its own and the static testing procedure also indicated that it reduced 

* However, note that the end product after use is probably aluminum 
oxide, which possesses extreme crystal "hardness", and thus could 
cause severe physical damage to reciprocating/rotating surfaces. 



the efficacy of KD when added at 10% by weight (a pure dilution effect, 
similar to the simple additive effects seen for K 2 SO 4 and Snl x mix- 
tures). However, dynamic assemblage experimental data did confirm the 
slightly better performance expected for KD + B 2 O 3 when high air veloci- 
ties scoured the heated plate surface. Other high tenperature "adhesive" 
agents can be postulated, and would be worth investigating, the nost obvious 
exarqples are high temperature asphalts/ tars, or synthetic organic or in- 
organic non-flammable polymeric materials. It should be noted that addition 
of these "sticky" agents to the chemical system immediately negates criteria 
associated wi h ease of clean-up operations, and may perpetrate high tenp- 
erature corrosion effects. 

Tin iodide as an additive may be dismissed quite summarily. It is a 
volatile system intrinsically, and all physical mixtures regardless of the 
matrix carrier fail to fulfill the storage requirements (high volatility, 
corrosive, temperature instabilities at 120°C and above). Further, a solid 
phase reaction occurs between the additive (Snl x ) and carbonate carriers 
such as the dawsonites, resulting in OO 2 release, which is significant at 
ambient temperatures of 40°C, and very rapid above 100°C. Finally, calcina- 
tion of Snl x with KD results in formation of KI, and merely provides an 
expensive method of preparing KI from these two precursors (Snl x and KD)l 

The I.C.I. Ltd. product "Monnex®", although producing excellent re- 
sults in the Dynamic phase of testing, did not satisfy the advanced storage 
requirements, and did suffer the disadvantages associated with high tem- 
perature corrosivity and particularly poor "clean-up" operations. 
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The experimentally formulated and commercially supplied K2OO3 pcwder 
offered high performance in both the static and dynamic apparatus, better 
than the corresponding KHOO3 ccmpounds . However, high temperature 
performance vas poor (phase change effects), and the inherent hygroscopic 
character could merely be reduced, and not eliminated, thus obviating use in 
humid atmospheres. 

Although AI2O3 mixtures with KI (calcined and simple mixtures) ex- 
hibited superior performance in the static phase, dynamic testing did not 
confirm this promise. Similarly, Al(OH)3 and A1G0H carriers did not prove 
to be super ior to KD. 

Sodium dawsonite (NaD) mixtures with iodides did offer excellent 
performance in the static testing sequences, but NaD itself will not satisfy 
the advanced storage requirements. However, commercial sources are avail- 
able (liquid phase solution precipitation reactions to provide a lew density 
powder used for antacids such as "Turns®”; precipitated sludges from water 
treatment plants utilizing alumina flocculation and pH-carbonation control; 
bulk component in U.S. /Canada oil shale residues). 

COMMENTS ON POTENTIAL IODIDE DOPED SYSTEMS: Our data provide unambiguous 
evidence for the efficacy of iodide loaded dry chemical systems, and it ap- 
pears that the prime matrix carrier of choice is KD. However, the choice of 
iodide dopant is more diverse. Our choice of KI was dictated by economic/ 
availability reasons, and by the fact that Nal is strongly hygroscopic. An 
equally valid choice would be Lil. In addition to these aspects, prima- 
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facie reasoning would seem to indicate that the weaker the metal-iodine 
bend, the greater the available iodine concentration that might be propa- 
gated into the vapor phase, and thus the greater the degree of interference 
that might ensue "mong the flame reactions. However, KI is strongly ionic 
(as too is Lil), and the concept of bond strength is a poor one when ionic 
bonds are considered. Of the covalent halides that exist, particularly the 
iodides, tin salts offered the best compromise between cationic toxicity 
(eliminating lead and mercury) and weakness of bond (Sn-Cl at ca. 76 
kcals/mole, Sn-Br at ca, 47 kcals/mole, and Sn-I at ca. 40 kcals/mole). 
Thus, tin iodide was our second choice for an iodide dopant (it has already 
been noted that multi-valent metals seemed to possess anti-oxidant proper- 
ties, and that tetra-butyl tin was used as an antoxidant polymer stabili- 
zer). A third choice, not tested, was cadmium iodide, since bond strengths 
are even lower for cadmium than for tin (Cd-Cl at ca. 50 kcals/mole, Cd-Br 
at ca. 38 kcals/mole, and Cd-I at only 33 kcals/mole). However, cadmium 
toxic to the extent that the U.S. Environmental Protection Agency (EPA) 
restricts levels of Cd in drinking water to 10 ppb (parts per billion), 
compared to lead metal at 50 ppb, and mercury to 2 ppb. Although the 
relative weight effectiveness for iodine content for a fixed iodide salt 
content reduces in the order Snl x > Cdlj > KI, potassium iodide is 
biologically acceptable at low levels, and is only toxic from the iodide 
anionic content at relatively high concentrations. 

Based on the efficacy of iodide dopants, it might be useful to examine 
other ways of incorporating iodine into a dry chemical, and other potential 
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systems that might be suggested include the following: 

1. Iodine (as I 2 ) held in a suitable molecular sieve as a true clath- 
rate or inclusion complex; or a molecular sieve loaded with CH3I or 
CF3I. * 

2. Preparation of a "coated" carrier (rather them the calcined approach 
used) using a volatile solvent held iodide slurry (KI in methanol, or from a 
solubility viewpoint, Lil in methanol/ethanol) to coat a finely ground 
precipitate of natrix carrier (KD) which is insoluble in the solvent, and 
subsequent removal of the solvent by freeze drying or vacuum-pumping . This 
process is analogous to the preparation of stationary phase coatings for OLC 
colunrs preparation. 

3. Use of an iodide loaded anion exchange resin as an additive. It is 
possible that the anion exchange resin could provide the third component 
postulated to provide "adhesive" qualities to the pcwder at high temp- 
eratures in high air flew situations. 

4. Use of high molecular weight quaternary ammonium iodides as ad- 
ditives, either directly, or as bound entities to silica gel or alumina. 
Technology is new available for the formulation of anion exchange granules 
whose majority component is a ceramic or silica material. 

CONCLUSIONS: In general, no single component system offers fire control 
ability that is acceptable, KD alone is the only marginal system that even 
remotely provides potential control capability and satisfies the delineated 
storage requirements. Squally, dynamic testing of some Halons merely served 



282 


to confirm previously stated shortcomings inherent to gaseous and liquid 
systems, and their performance was generally inferior to dry chemicals. 
Since CO 2 provided virtually no fire control capability either, indicating 
that physical quenching effects are unimportant relative to chemical 
scavenger effects, it is clear that the Halons inhibit by interacting 
chemical ly with the flame, and do not merely "blanket" the combustion proc- 
ess by displacing the oxidant from the combustion zone. In the light o& the 
data from iodine doping, it is probable that an iodine containing Halon will 
prove even more effective than Halon 1202. Howver, the excellent 
"knock-down" capabilities of Halon 1202 (a function of the rapid dispersal 
through the fire zone, and the ease of pyrolysis to provide a fire control 
agent in large concentration) can be usefully eitployed to augment the lesser 
knock-down capability of dty chemicals which, in general, possess superior 
inhibition control properties. Use of Halon 1202 as the discharge/driver 
gas for a calcined KD*KI dry powder extinguishant (with or without some 
"sticky" agent such as B 2 O 3 ) would seem to offer a logical approach for 
real simulations of engine nacelle fire scenarios. 

Finally, it is further suggested that one of the Halons could be used iri 
an auxilliary fire detection role. Since many fire warning/detection sys- 
tems suffer shortcomings due to a multiplicity of invalid alarms (parti- 
cularly prevalent in engine nacelles where ambient tenperatures are already 
high), it is suggested that small quantities of a suitable Halon be injected 
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upstream of the potential fire zone*, and a simple halide detector (HBr) 
be mounted beyond the fire zone in one of the many inert downstream sites. 
A fire would produce breakdown products from the Halon that could not be 
produced by a mere hot surface at normal engine surface/nacelle operating 
tenperatures, Thus, any .indication of HBr formation would be accepted as a 
true "fire", and not a false alarm. This indication could be used to trig- 
ger the rain extinguishment system automatically, or a visual and/or audible 
warning. Since C-I bonds are weaker than C-Br bonds, an iodine containing 
Halon would provide greater sensitivity in conjunction with an HI detector. 


* It would be possible to utilize either a continuous flux of Halon 
from a reservoir with several millilitres per minute flow rate of 
gaseous component, or pulsed injection at pre-set tine intervals. 
For exanple, a 10 ml/minute continuous Halon flow rate from a 1 
gallon liquid pressurized container would provide approximately 
10,000 hours of operating time. 



VII. REOOMNENCATIONS FDR FUTURE WORK 


1. This program has already shewn that some commercial dry chemical 
fire textinguishants have a greater weight effectivenesss in suppressing hot 
surface initiated fuel fires than the gaseous or liquid Helens currently in 
use. Therefore, the tailoring and development of dry powder delivery sys- 
tems, using either stored pressure or explosive gas generation, and which 
meets the requirements given in Table 1, should be undertaken. 

2. If this improved fire control capability is confirmed in the larger 
scale dynamic facility currently being built at WPAFB, then a more detailed 
program to. develop the presently non-comrrercial chemicals described in this 
Report should be initiated as well. 

3. The concept that fire control occurs through the agency of competi- 
tive chemical reactions between the flame propagation species and the inter- 
fering scavengers supplied by the extinguishant has been around for more 
than 40 years. However, it cannot answer why the effectiveness of potas- 
sium compounds seems to exceed that of corresponding sodium compounds, and 
there are other similar anonalies that need further elucidation. It is 
suggested that a new academic involvement in flame chemistry and flame 
control be initiated. 

4. Extensive time was spent reviewing directly relevant, and less 
directly relevant materials, culled from many government reports and con- 
tracted research publications. It would be appropriate to engage a faculty 
member experienced in writing a text to review all of this literature, and 
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others, and make clear what has been done before in the field of fire con- 
trol. This would have the additional benefit of making some of the more ob- 
scure ’ reports and publications more easily available in the general litera- 
ture. 


In the light of these data presented in this Report, obtained from both 
Static and Dynamic Testing procedures, it appears that iodide doped sodium 
and potassium dawsonites offer the most promise for fire control in high 
velocity air streams. We recommend that the following aspects be considered 
furthers 

5. Carry out scaled up testing procedures for dawsonite/iodide mixes. 

6. Determine the effects of bulk density, particle size, and physical 
characteristics of the dry chemical powder, on the performance of the dry 
powder system in the Dynamic Simulator. 

7. Advance the current kinetic model for ignition delay phenomena. 

8. Initiate basic studies into the strategies for volatility control of 
halogen additives, in order to provide controlled concentrations of am ac- 
tive agent over long time periods. 

9. Perform fundamental studies using thermogravimetric analysis tech- 
niques, mass spectrometry, electron spin resonance spectrometry, and product 
analyses via GC and GLC, to ascertain the identities of the active species 
that control flame propagation from the more efficient dry chemical powder 
extinguishant systems. 



10. Attention is re-directed to the comments given in Section VI, pages 
279 through 283 of this Report concerning other potential iodide doped sys- 
tems , ' and to the use of multi-coiqponent systems to effect initial flame 
knock-down, long term flame control, and localization of the dry chemical 
agent to the flame region via a "sticky" additive. 

Finally, it is also recommended that the U.S. Department of the Interior 
be alerted to the possibility of using sodium or potassium dawsonite sys- 
tems, with or without iodide doping, to aid in the control of forest fires. 
It is envisaged here that a massive Icnock-down capability will be needed, 
rather than long term control of the flame. This is probably a property 
that is more closely attuned to the behaviour of tin iodide doped systems 
than those derived from potassium iodide. However.- it is clearly demon- 
strated that single component dawsonite systems, and those systems doped 
with iodide, are vastly more efficient in controlling flammable situations 
than are the ammonium phosphate systems currently in use for forest fire 


control . 
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